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Abstract

Platelet concentrates (PCs), used to treat bleeding disorders, are stored at 22 £ 2°C under
agitation to maintain platelet function; however, these conditions favor growth of bacteria
introduced during venipuncture. Staphylococcus aureus is a predominant PC
contaminant and has been involved in septic transfusion reactions. The Ramirez’ lab has
demonstrated that PC storage elicits differential regulation of bacterial virulence genes. |
therefore hypothesized that the PC storage environment triggers transcriptional changes
in S. aureus resulting in enhanced antibiotic resistance. Furthermore, these
transcriptional changes result in enhanced virulence of S. aureus grown in PCs. These
hypotheses were tested with two objectives: (1) assess differential expression of antibiotic
resistance genes in S. aureus grown in PCs compared to tryptic soy broth (TSB), and (2)
study the role of the NorB efflux pump on the virulence of S. aureus grown in PCs. Four
transfusion relevant S. aureus strains (TRS) were grown in PCs and TSB and subjected
to comparative transcriptome analyses. These studies revealed that the norB gene
(encodes for the efflux pump NorB, which is implicated in quinolone resistance and
negatively regulated by MgrA) was upregulated in PC-grown TRS compared to TSB
cultures. Furthermore, Minimal Bactericidal Concentration (MBC) assays showed
increased quinolone resistance in PC cultures of TRS versus TSB cultures. MBC and RT-
gPCR assays with non-transfusion relevant strains (S. aureus RN6390, RN6390AnorB,
and RN6390AmgrA) indicated that not only NorB, but also efflux pumps NorA and NorC,
may be involved in enhanced quinolone resistance in PC-grown S. aureus. The impact of
the PC storage environment on regulation of quinolone resistance driven by Nor efflux

pumps has not been reported before. Furthermore, NorB was shown to be implicated in



S. aureus virulence using a silkkworm model. The use of silkworm larvae to evaluate
virulence of S. aureus driven by NorB is novel and inform the research and transfusion
medical communities about potential targets to minimize the risk of transfusing
contaminated blood products. My research has open venues for further investigation on
the role of efflux pumps in quinolone resistance and virulence in S. aureus grown in PCs,
which could be used to propose mechanisms to enhance the safety of transfusion

patients.
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Abstract

Background/Objective: Platelet concentrates(PCs)re used in transfusion medicine to
treat bleeding disorders. Staphylococcus aureus, a predominant PC contaminant, has been
implicated in several adverse transfusion reactions. The aim of this study was to investigate
the impact of PC storage on S. aureus resistance to quinolones, which are commonly used
to treat S. aureus infections. Methods/Results: Four transfusion-relevant S. aureus strains
(TRSs) were subjected to comparativetranscriptome analyseswhengrown in PCsvs.
trypticase soy broth (TSB). Results of these analyses revealed differentially expressed genes
involved in antibiotic resistance. Of interest, the norB gene (encodes for the NorB efflux
pump, which is implicated in quinolone resistance and is negatively regulated by MgrA)
was upregulated (1.2-4.7-foldincrease) in all PC-grown TRS compared to TSB cultures.
Minimal Bactericidal Concentration (MBC) of ciprofloxacin and norfloxacin in PC-grown
TRS compared to TSB showed increased resistance to both quinolonesin PCcultures.
Complementarystudies with non-transfusion-relevant strains S.aureus RN6390 and its
norB and mgrA deletion mutants were conducted. MBC of ciprofloxacin and norfloxacin
and RT-qPCR assays of these strains showed that not only norB, but also norA and norC may
be involved in enhanced quinolone resistance in PC-grown S. aureus. The role of norB in S.
aureus virulence was also tested using the silkworm Bombyx mori animal model; lethal dose
50 (LDso) assays revealed slightly higher virulence in larvae infected with the wild-type
strain compared to the norB mutant. Conclusions: The PC storage environment enhances
quinoloneresistance in S. aureus and induces differential expression of effluxpumpror
genes. Furthermore, our preliminary data of the involvement of NorB in virulence of
S.aureus using a silkworm model merit further investigation with other systems such

asa mammal animal model. Our results provide mechanisticinsights to aidclinicians

in the selection of antimicrobial treatment of patients receiving transfusions of S. aureus-
contaminated PCs.

Keywords: Staphylococcus aureus; platelet concentrates; quinolone resistance by Staphylococcus
aureus; Staphylococcus aureus virulence; silkworm animal model
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1.Introduction and Literature review

As a disclaimer, images presented in this chapter have been published in the journal

Antibiotics (MDPI), in which | am the first author ['l.



1.1 Blood components

Transfusion medicine and blood banking was initiated and gradually established during
the 19" and 20" centuries. The first transfusion of human blood was reported in 1818 by
Dr. James Blundell, a physician of the Medical Chirurgical Society of London ?l. Some of
the main issues identified in blood transfusion in the 19™ century included blood clotting
and increased risk of transmission of blood-borne diseases (e.g., syphilis) to transfusion
patients; therefore, improving blood storage to assure product quality and safety was
deemed essential 1. World War | and World War Il intensified the need for blood, leading
to significant advances in the transfusion medicine field. Whole blood was initially stored
in glass containers, however in the 1960s, sterile plastic storage bags were implemented,
permitting the separation of whole blood into blood components such as red blood cell

(RBC) concentrates (RBCC), plasma, and platelet concentrates (PCs) 341,

Canadian Blood Services manufactures and supplies a trio of blood components (RBCCs,
Plasma and PCs) to all provinces and territories of Canada (excluding Québec). Donor
blood is collected into bags containing Citrate Phosphate Dextrose (CPD) and then each
component is extracted through a combination of centrifugation and filtration processes
that separates whole blood into RBCs, plasma, and buffy coat which contains white blood
cells and platelets. Each of this fraction is further processed to prepare the three blood
components. RBCCs are important for the treatment of anemic patients, with RBC
functionality preserved by suspending the RBCC in additive solutions such as saline
adenine glucose mannitol (SAGM) and storage at 1-6 °C for a maximum of 42 days.

Plasma is used to treat patients with coagulation factor and plasma protein deficiencies;
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plasma units are stored for a maximum of one year at temperatures < -18 °C. Finally, PCs
are used to treat patients with bleeding disorders and could be suspended in 100% plasma
or a mix of plasma and platelet additive solution (PAS). Platelet functionality in PCs is
maintained during storage in gas-permeable containers at 22 +2°C under constant
agitation 81, Platelet characteristics and PCs are described in more detail in the following

sections.

1.2 Platelets

1.2.1 Structure and Thrombopoiesis

Platelets are small, colorless, discoid anucleate cellular fragments originating from
megakaryocytes and released into the bloodstream in counts that can range from 150x
10%/L to 400 x 10%L. The lifetime of platelets in the bloodstream is roughly seven to ten
days, and platelet levels in the bloodstream are continuously being replenished [7:8l,
Platelets are formed from cytoplasmic fragments of megakaryocytes, this mechanism is
named thrombopoiesis [°1% and takes place in the bone marrow with the differentiation
of a hemopoietic stem cell into the myeloid branch of hematopoiesis (progenitor cells).
They evolve as precursor cells (megakaryoblast, promegakaryocyte), resulting in the
development of megakaryocytes ['%. Megakaryocytes undergo cytoplasmatic maturation
(cytoplasm expansion), forming proplatelets that are then subject to fragmentation leading

to the release of platelets into the blood stream (Figure 1).
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Figure 1 — Schematic representation of thrombopoiesis. Schematic representation of platelet
production from hematopoietic stem cells along a continuum into the megakaryocytic lineage.

Image prepared using BioRender.

Platelets contain cytoplasmic organelles present in eucaryotic cells including
mitochondria, endoplasmic reticulum (in platelets known as dense tubular system (DTS)),
and an open canalicular system (OCS). Moreover, platelets carry a wide variety of
biomolecules in alpha granules (proteins, hemostatic factors, growth factors, and
cytokines), dense granules (ADP, serotonin, and calcium) and lysosomes (hydrolytic

enzymes) (8],

Platelet activation is triggered by vascular injury, presence of pathogens or contact with
other activated platelets. Activation causes a morphological change in platelets from a
discoid to a sticky irregular shape, and prompts the release of granules’ contents,
enabling hemostatic and immunomodulatory responses ["l. Platelets play an important
role of managing vascular integrity, regulating hemostasis and monitoring their

surrounding environment via a wide array of receptors 8.



1.2.2 Role of Platelets in Hemostasis

Platelets play a major role in hemostasis, a physiological response mechanism
coordinated to act upon vascular injury, blood vessel repair, and thrombus plug formation
8,111, Vascular damage triggers the release of collagen and von Willebrand factor (VWF),
which bind to platelet glycoprotein VI and glycoprotein Ib-V-IX complex, respectively,
initiating platelet adhesion, activation and aggregation [''l. Activation elicits platelet
degranulation (release of alpha and dense granules contents), and a morphological
change from discoid to a sticky star-like shape as mentioned above. Moreover, activated
platelets aggregate and form a hemostatic plug [:8l. During activation, platelets release
several biomolecules including cytokines and chemokines, thromboxane A,, adenosine
diphosphate (ADP), serotonin, and numerous a-granule proteins, driving inflammatory

response vascular repair, and tissue regeneration 112,

1.2.3 Role of Platelets in Immunity

Platelets play a pivotal role in the immune system; they contain a wide array of immune
modulators stored within their a-granules, dense granules, and lysosomes, and express
several surface receptors, including Toll-like receptors (TLRs), FcyRIIA, and integrins
(11,12 Vascular injury or pathogen-associated molecular patterns (PAMPs) lead to platelet
activation and consequently the release of a variety of immune modulators (Figure 2) 8131,
;Platelets have a major role in leukocyte and neutrophil recruitment, for instance platelet
interaction with neutrophils trigger the formation of aggregates involved in bacterial
phagocytosis and release of reactive oxygen species (ROS) ['4. Platelets induce the

formation of neutrophil extracellular traps (NETs) contributing to bacterial elimination ['9],
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and promote monocyte differentiation into macrophages contributing to an increase in the

production of pro-inflammatory cytokines like TNF-a and IL-6, promoting phagocytic

activity 8131314,
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+ Interleukins: IL-1a, IL-1B, IL-6, IL-12p70
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Figure 2 — Platelet pro-inflammatory and anti-inflammatory immune mediators 31314 |mage

prepared using BioRender.

1.2.4 Role of Platelets in Bacterial Clearance

Platelets express multiple pattern recognition receptors, including TLR2 and TLR4 that
recognise bacterial cell wall components such as peptidoglycan and lipoproteins (Gram-
positive bacteria), and lipopolysaccharide (Gram-negative bacteria), respectively ['6:17], In
the presence of pathogens, TLRs prompt platelet activation, degranulation and release of
immunomodulatory biomolecules, and expression of surface receptors such as GPIlb/llla,
GPIba, and FcyRIIA 15181 Activated platelets secrete antimicrobial peptides, including
thrombodicidins, and platelet microbicidal proteins (PMPs), that contribute to pathogen

clearance 18],



Notably, platelets can bind to bacteria forming free-floating aggregates that can circulate
in the bloodstream and later attach to tissues such as cardiac valves promoting formation
of bacterial aggregates (i.e., biofilms) and bacterial survival, consequently contributing to
infection (e.g., endocarditis) ['®l. Furthermore, the impact of platelet interaction with
pathogens can lead to acute infection. For instance, in sepsis, increased platelet
activation leads to host response imbalance, due to excessive production of pro-
inflammatory cytokines (e.g. TNF-a, IL6, 1I31) causing inflammation, tissue damage and
organ failure 2%, Qverall, platelet immunomodulatory response plays a major role in the

global immune response upon pathogen infection.

1.3 Platelet Concentrates

Platelet concentrates (PCs) are a therapeutic blood component that contains platelets
(approximately 251 x 10° platelets per unit) suspended in 100% plasma or 40% plasma
plus 60% of PAS [?'], Platelet function and quality is maintained in the well-established PC
storage conditions. PCs are stored in gas-permeable plastic bags, at 20-24 °C, under
constant agitation, in a glucose rich media (324mg/dl in plasma-PCs and 144mg/dl in
PAS-PCs) and neutral pH for up to seven days [%22],

Currently, at Canadian Blood Services, PCs are obtained through apheresis, which are
collected directly from a single donor (Figure 3) or from individual whole blood donations
which are pooled via the buffy coat method (Figure 4).

Single-donor hyperconcentrated apheresis PC are aseptically collected from a single

donor using an automated equipment (Terumo Trima apheresis collection system) [2'],
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Platelets are leukoreduced at the time of collection by the automatic collection system
and suspended in a mix of donor plasma and PAS in a ratio of approximately 40:60
(plasma:PAS). The units are then split into two and the remaining blood components are
returned to the donor’s bloodstream 23241, Split units are subjected to pathogen reduction
as described in section 1.6 of this chapter (Figure 3).

Since 2022, the buffy coat method involves pooling and suspending seven ABO matched
buffy coat fractions in a mix of plasma and PAS in a 40:60 ratio to produce a double dose
PC, which is subjected to residual RBC removal and leukoreduction by filtration[?3], prior
to splitting it into two PC units. Split units are subjected to pathogen reduction as
described in section 1.6 of this chapter (Figure 4A).

Prior to the implementation of PAS, PC were units suspended in 100% plasma.
Specifically buffy coat PC pools were prepared by pooling four buffy coat fractions which
were suspended in the plasma of one of the donations (Figure 4B). In my thesis, | used
this last product, PC buffy coat pools suspended in 100% plasma, for all the experiments

described in the following chapters.
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Figure 3 — Collection process of apheresis PCs at Canadian Blood Services. Apheresis PCs are produced using an automated
equipment that draws blood from the donor and separates the blood components via centrifugation, platelets are retained and
suspended in a mix of plasma (~40%) and platelet additive solution (PAS, ~60%), RBC and plasma are returned to the donor’s

bloodstream. Removal of white blood cells (WBC) (i.e., leukoreduction) is done via filtration. Image prepared using BioRender.
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PCs manufactured by resuspending four buffy coats into the plasma of one donation. The PC units in both processes are centrifuged

to remove residual red blood cells (rRBCs). Removal of white blood cells (WBC) (i.e., leukoreduction) is done via filtration. Image

prepared using BioRender.
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1.3.1 Platelet Storage Lesion

PC production and storage can elicit biochemical, structural, and functional deterioration
of platelets compromising the final quality of PCs due to a phenomenon called platelet
storage lesion (PSL) 25261, One of the major contributors for PSL is metabolic stress due
to glucose consumption and lactate production by platelets during storage, leading to
acidification of the storage medium and a decline in pH, reducing platelet viability 271,
Moreover, a reduction in surface membrane glycoproteins due to platelet activation
triggers the expression of activation markets such as P-selectin (CD62P) and the release
of immune factors (degranulation) [?8l. Collectively, these factors affect the functionality of

the platelets in the PC bag posing a reduction in the quality of the transfusable product.

1.4 Adverse Transfusion Reactions Involving PCs

An adverse transfusion reaction (ATR) is an unintended and harmful response in an
infused patient that occurs during or after the transfusion of a blood product [?°. ATRs can
be non-infectious or infectious reactions and involve a wide range of symptoms from mild

allergic reactions to severe life-threatening events [2°:30],

1.4.1 Non-infectious Adverse Transfusion Reactions

Non-infectious reactions are ATRs caused by immune or physiological incompatibility
between the patient and the transfused blood product and can be acute or delayed
depending on the symptoms’ evolution. Examples of non-infectious reactions and
symptoms are briefly described below:

1



Febrile non-hemolytic transfusion reaction (FNHTR) — mild reaction caused by the
patient’s immune response to white blood cells or cytokines present in the

transfused PCs. Patient symptoms include fever and chills [2°],

Allergic reactions — recipient’s hypersensitivity reaction to proteins in the donated

PCs, symptoms can be mild (itchiness, urticaria) to severe anaphylactic shock 2.

Acute hemolytic transfusion reaction (AHTR) — caused by ABO incompatibility,
resulting from recipient's antibodies attacking the donor platelets, leading to their
destruction. Patient symptoms can range from fever, back pain, hemoglobinuria

and potential kidney failure 29,

Transfusion-related acute lung injury (TRALI): rare reaction marked by an abrupt
respiratory distress due to an immune-mediated response in the infused patient’s
lungs, usually associated to the activation of patient’'s neutrophils by antibodies
present in the PC plasma that target human leukocyte antigens (HLA) or human

neutrophil antigens (HNA) [29],

1.4.2 Infectious Adverse Transfusion Reactions

Infectious ATRs result from transfusion of blood components contaminated with

pathogens (bacteria, viruses, or parasites), causing mild to serious and potentially life-

threatening transfusion complications [l. Bacterial contamination poses the major

infectious transfusion risk to susceptible patients as these pathogens can proliferate

during blood component storage in contrast to other pathogenic agents such as viruses

and parasites.
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1.5 Bacterial Contamination of PCs

Adverse transfusion reactions caused by the infusion of bacterially contaminated PCs
have been reported globally at rates ranging from 1/100,000 to 1/300,000 transfused units
6,31.32] However, these data are obtained from passive surveillance monitoring, resulting
in underreports of septic transfusion reactions. For example, a study by Hong et al., using
an active surveillance approach, revealed that 20 out of 51,440 PC transfused in the US
between 2007 and 2013 were contaminated with bacteria resulting in adverse transfusion
events, which were missed during passive surveillance 3. Many ATRs have been
associated with contaminated PCs by both Gram-negative and Gram-positive bacteria
[20,34-38][39] .

Gram-negative bacteria (e.g., Serratia marcescens, Escherichia coli and Klebsiella
species) liberate endotoxins (lipopolysaccharide), that stimulate the production of pro-
inflammatory cytokines such as tumor necrosis factor (TNF), interleukin-13 (IL-1pB),
gamma interferon (IFNy) and several chemokines, which can cause severe tissue
damage and contribute to increased mortality #0471 Gram-positive bacteria (e.g.
Staphylococcus aureus, Streptococcus spp.) in the other hand can release a wide variety
of toxins (e.g., exotoxins) that prompt a dysregulated immune response that can also lead

to septic shock 421,
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1.6 Safety Strategies to Prevent Septic Transfusion Reactions

To minimize the risk of transfusing bacterially contaminated PCs, blood centers, including

Canadian Blood Services, have implemented several strategies to increase PC safety

[6,37,43]

Mandatory blood donor evaluation questionnaire and temperature measurement to
assess donor’s health condition, and medical and travel history prior to blood

donation #4],

Disinfection of the venipuncture site to decrease contamination derived from donor
skin flora with disinfectants such as one-step Chloraprep used at Canadian Blood
Services, which contains 2% chlorhexidine gluconate and 70% isopropyl alcohol.
The antiseptic is applied to the antecubital region for 30 seconds followed by a 30
second drying time prior to venipuncture 5. Arms of donors allergic to Chloraprep

are disinfected with 70% isopropyl alcohol followed by 10% povidone-iodine 49,

Diversion of the initial aliquot of collected blood (30-40 ml) to decrease skin flora
contamination. Diversion of the initial aliquot of blood (30-40 ml) collected during

venipuncture aims at reducing skin flora contamination in the donated PCs [46],

PC Screening with the automated BACT/ALERT 3D culture system to detect
bacterial contamination in PCs. This system is based on colorimetric detection of
CO2 produced during bacterial growth in BACT/ALERT 3D culture bottles. The
sensitivity of the BACT/ALERT 3D system is estimated to be 1-10 colony forming
units per ml (CFU/mL) #7481 At Canadian Blood Services, PC samples are taken at

least 36 hours post-blood collection and inoculated into aerobic and anaerobic
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culture bottles, which are incubated into the BACT/ALERT system until flagging
positive or up to 7 days 6. Results are categorized based on microbial detection by

the system and bacterial growth upon culturing (Figure 5).

Positive growth (same
i i ifi Confirmed
bacteria are identified onfirme
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Unit available culture on media plates)
for 2nd culture
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/ Negative
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Figure 5 — Simplified algorithm used for categorization of BACT/ALERT 3D results obtained during

PC screening ©.

— PC treatment with pathogen reduction technologies (PRT) is a proactive_approach
designed to impair pathogen viability by targeting nucleic acids with different
approaches. Currently, there are three pathogen reduction technology systems
available: Mirasol (Terumo BCT Inc. USA), THERAFLEX (MacoPharma, France) and
INTERCEPT (Cerus Corp, USA). Each company presents a solution based in UV
radiation combined with either a photosensitizer or agitation as described in Table
1. Canadian Blood Services fully implemented INTERCEPT treatment for apheresis

and buffy coat PCs in 2024.
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Table 1 — Pathogen Reduction Technology (PRT) systems details, mechanism of action and

targets.
Photoreactive . .
PRT System Mechanism of Action Target Reference
compound
Riboflavin Nonspeqﬁc binding of
riboflavin and
+ . ,
Exposure nucleotides ¢+ Bacteria
. p : [49]
Mirasol UVB/UVA EV Iex.postfcrje . \Filruse.s
265-370 nm ucleic acids . ¢ Parasites
6.2 J/mL permanent alteration
' (oxidation of guanine)
N/A
+ ¢ UVC exposure & severe
Exposure agitation ¢ Bacteria
THERAFLEX uvC ¢ Selective nucleic acids ¢ Viruses [49]
254 nm alteration (inhibiting ¢ Parasites
0.2-0.3 DNA transcription)
J/mL
Amotosalen ¢ Amotosalen intercalates
+ with DNA bases, + Bacteria
INTERCEPT Exposure crosslinking and Vi [49]
UVA blocking DNA ¢ P'ruse_ts
320-400nm « Inhibition of bacterial arastes
3 J/mL replication
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1.7 Near Misses and Septic Transfusion Reactions despite PC
screening with the BACT/ALERT system and INTERCEPT
treatment

At Canadian Blood Services, there have been false negative BACT/ALERT screening
transfusion reactions involving PCs contaminated with Staphylococcus aureus (two

cases), Serratia marcescens and S. epidermidis. 16-50,

Although no transfusion reactions have been reported since the recent implementation of
the PRT INTERCEPT to treat PCs at Canadian Blood Services, some breakthroughs
have been reported by other blood centers including I'Etablissement Frangais du Sang in
France and the American Red Cross in the US. Organisms involved in these breakthrough
cases included S. aureus, Bacillus spp., Acinetobacter baumanii and coagulase negative

Staphylococcus 152,

In the two false negative BACT/ALERT screening cases involving S. aureus reported by
Canadian Blood Services [343% staphylococcal enterotoxins were detected in the
transfused products, which were likely responsible for the septic shock symptoms
experienced by the patients 3435, More recently, a near miss case was documented by
Canadian Blood Services involving PCs contaminated with S. aureus 31, Similarly, near
misses or ATRs cases involving S. aureus contaminated PCs have been reported by other

countries including the US, the UK and Ireland [31:54.5%],

S. aureus has therefore become an important safety risk to PC transfusion recipients

worldwide due to its ability to escape detection during routine PC screening, to grow to
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clinically significant levels and produce exotoxins during PC storage, and to resist
INTERCEPT treatment [31:34.35515455] Dye to the predominance of this species as a PC
contaminant and causative agent of septic transfusion reactions, it was chosen as a
model organism for my research studies and the next section discusses characteristics

of this bacterium in more detail.

1.8 Staphylococcus aureus

1.8.1 Epidemiology

S. aureus was first identified in 1880 by Sir Alexander Ogston and later named for its
golden-colored colonies ¢, This bacterium is often considered a pathogen, however, it
commonly exists harmlessly in the human mucosa flora, particularly in the nose and the
gut B80S aureus, a member of the Staphylococcaceae family, is a non-motile, non-
sporulating Gram-positive coccus, with a cell envelope that comprises a cytoplasmic
membrane, surrounded by a cell wall mainly composed of peptidoglycan, teichoic acids,
and surface-associated proteins [, The peptidoglycan layer (thick cross-linked network)
preserves cell shape, and contributes to osmotic balance, permeability and cell protection
611 Several S. aureus strains secrete polysaccharide-based microcapsules over of the
peptidoglycan layer as a protective coat against host defenses 2. The chromosome of
S. aureus is circular (~ 2.8M bp), and this bacterium carries a plethora of mobile genetic
elements (MGE), such as pathogenicity islands, staphylococcal cassette chromosomes
(SCCs), prophages, transposons, insertion sequences, and plasmids [©3. Genes

encoding for virulence factors are located both on the chromosome and MGEs 63641, S,
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aureus genes encoding virulence factors are transferred within staphylococcal species
and across other species, both vertically (during cell division from a parent cell to progeny)
and horizontally (transformation, transfection and conjugation), contributing to rapid

bacterial adaptation to environmental stressors [60:64.65],

1.8.2 Clinical significance

S. aureus emerged as a major concern over the past years due to widespread outbreaks
in both hospital and community settings, and enhanced resistance to antibiotics [°7-601,

Notably, platelet — S. aureus aggregation is paramount in bacterial infections such as
infective endocarditis where the bacteria colonize heart valves by adhering to platelet-
fibrin thrombi, resisting shear stress and immune attack ['%l. Interactions between platelets
and S. aureus are also important for the development of sepsis contributing to
intravascular coagulation, vascular damage, and organ dysfunction Furthermore, S.
aureus-platelets association aids bacterial persistence during biofilm formation(®l. A
recent study investigated the impact of S. aureus on platelet function in contaminated PCs
with results demonstrating that S. aureus triggers platelet activation, impacting

mitochondrial disfunctions and eliciting platelet apoptosis 7.

1.8.2.1 Platelet interaction with Staphylococcus aureus

The interaction between S. aureus and platelets occurs in stages: initial adhesin of S.
aureus to platelets, followed by platelet activation and aggregation, and then by S. aureus

evasion from host immune clearance 8. This dynamic multistep process combines both
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bacterial virulence factors and platelet receptors, that may lead to transient adherence
and formation of stable S. aureus-platelet aggregates that pose a high risk for patients.
These aggregates are the scaffold for infective endocarditis, colonization of indwelling
medical devices, and prosthetic joint infections [19:39],

Adhesion to platelets: S. aureus Microbial Surface Component Recognizing Adhesive
Matrix Molecules (MSCRAMMS) bind to platelet receptors such as GPIIb/llla (integrin
allbB3) and FcyRIla. MSCRAMMSs involved in interactions with platelets include clumping
factors A and B (CIfA and CIfB), fibronectin-binding proteins (FbBD A and B), collagen
adhesin (Can), and serine-aspartate repeat proteins (C, D and E) 6979, Protein A binds
the Fc region of immunoglobulins contributing to the interaction with FcyRlla platelet
receptors ["l. Clumping factors, A and B (CIfA and CIfB) can bind the platelet receptor
GPllb/llla directly or by bridging with fibrinogen [72l. Fibronectin-binding proteins (FNBPA
and FnBPB) contribute to endocytic uptake of the bacteria by host cells, these proteins
bind to fibronectin-coated surfaces and play a crucial role in colonization of non-
phagocytic cells ["3l. Collagen-binding protein (Can) plays a role in infection by promoting
the attachment to collagen-rich tissues, and the Serine-Aspartate repeat proteins
(SdrC/D/E) participate in the formation of surface-attached bacterial aggregates known
as biofilms!7l,

Furthermore, shear flow may result in the binding of other adhesins such as Eap
(extracellular adherence protein) and IsdB (iron-regulated surface determinant B) to
platelets via interaction with plasma proteins like fibrinogen and vitronectin [74.75],

Platelet activation and aggregation: S. aureus induces the activation and aggregation of

platelets, triggering platelet degranulation (release of granules contents: cytokines,
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antimicrobial peptides, ADP, among others) promoting thrombus formation and host
immune responses ["8l. Importantly, platelet activation can be mediated via immune
complexes or Protein A—-IgG interaction using FcyRlla signaling, TLRs (e.g., TLR2)
stimulation, and engagement of integrins through MSCRAMMSs-platelet surface markers
complexes 79, During activation, platelets release proinflammatory factors such as
platelet factor 4 (PF4), and serotonin that increase inflammation and recruit immune cells
to the infection site [’/1 . Additionally, S. aureus a-toxin can prompt calcium mobilization
and cytoskeletal rearrangement in platelets (shape change), contributing to increased
platelet aggregation [78].

Immune evasion: The aggregation of S. aureus and platelets provides this bacterium with
an advantage to evade immune clearance. Platelet-rich thrombi may act as a scaffold for
bacterial biofilm formation, contributing to bacterial antibiotic resistance and evasion from
host immune factors (i.e., acting as a shield preventing phagocytosis) [’9l. Additionally, S.
aureus secretes toxins (e.g., a-hemolysin, leukocidins) that can modulate the host
immune response and induce platelet apoptosis [67.89.811 Staphylococcal biofilm formation
can result in altered metabolic activity, resulting in reduced susceptibility to antibiotic
penetration 2. Moreover, S. aureus secretes staphylococcal complement inhibitor
(SCIN) and chemotaxis inhibitory protein (CHIPS), that inhibit opsonization and leukocyte

recruitment, promoting bacterial immune evasion inside platelet-bacterial aggregates 83,
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1.8.3 Virulence factors

S. aureus is a bacterium that harbors a plethora of virulence factors involved in host
colonization, tissue damage and immune evasion 8. The virulence factors produced by
S. aureus include cell surface-localized virulence factors such as Protein A and
MSCRAMMSs, secreted virulence factors like superantigens (SAs), pore-forming toxins,

phenol-soluble modulins, and enzymes (Figure 6) [57:63.65],
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Figure 6 — Schematic representation of Staphylococcus aureus virulence factors. Cell surface-
localized virulence factors represented on the right-hand side: Sap - protein A; CIf A/B - Clumping
factors A and B, Cna - collagen-binding protein; FnBPA/B - fibronectin-binging protein A and B;
IsdB - iron-regulated surface determinant B and SasG, S. aureus surface protein G. Secreted
virulence factors represented on the left-hand side: Pore-forming toxins: Hla - a-Hemolysin,
LukS/P- PV - Panton-Valentine leucocidin, phenol-soluble modulins, superantigens: TSST-1 -
Toxic shock syndrome toxin-1, CHIPS - Chemotaxis inhibitory protein of S. aureus and enzymes.
PIA - Polysaccharide intercellular adhesin. Image prepared using BioRender.
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1.8.3.1 Expression and Regulation of virulence factor expression in
Staphylococcus aureus

S. aureus virulence factors can be divided into two functional groups responsible for
colonization and infection, giving the bacterium the capability to shift from a harmless
commensal colonizer to a deadly invasive pathogen 4. These virulence factors are either
encoded in the genome or acquired via horizontal gene transfer, and their modulation is
driven by the action of two-component regulatory systems (TCS) and the accessory
genome regulator (Agr) system. The AgrC-AgrA two-component transcriptional quorum
(i.e., bacterial cell density) sensing system responds to an extracellular signal, a post-
transcriptional modified autoinducing thiolactone-containing cyclic peptide. At high cell
density, Agr is responsible for increased expression of extracellular virulence factors (e.g.,
exotoxins) while at low bacterial cell density, Agr triggers the transcription of virulence
factors involved in adhesion and chronic infections (e.g., MSCRAMMSs proteins and

biofilm formation)[#5:86l,

1.8.3.2 Cell surface-localized virulence factors involved in host cell
adhesion and colonization

S. aureus expresses several surface proteins, also known as cell adhesion markers, that
play a major role in bacterial virulence contributing to adhesion to host cells and medical
devices, and immune evasion [63-656% MSCRAMMs contribute to the binding to host
extracellular matrices, enabling bacterial aggregation and adherence favoring tissue

colonization 6779 S. aureus surface proteins play a pivotal role in attachment and
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immune evasion, facilitating bacterial infection (acute and chronic) 569 S. aureus
surface proteins are key in host tissue colonization by binding to host extracellular
markers such as collagen, fibronectin or fibrinogen ©31. For instance, Protein A contributes
to immune evasion and has a role in opsonization and phagocytosis by binding to the Fc

portion of immunoglobulin G (IgG) and B-cell receptors triggering B-cell apoptosis [,

1.8.3.3 Secreted virulence factors

In addition to surface proteins, secreted virulence factors play a major role in colonization
and immune evasion promoting systemic inflammation. S. aureus secretes pore-forming
toxins, phenol-soluble modulins, superantigens and enzymes that contribute to bacterial
colonization, evasion to immune defenses and damage to host cells (658788 This group
of virulence factors act in a similar fashion to surface-associated virulence components,
primarily by impairing phagocytic uptake and thereby inhibiting opsonophagocytic

clearance [88.89 Secreted virulence factors include:

Pore-forming toxins can be grouped in two classes: a-hemolysin (alpha-toxin - Hla) and
leukocidins. Hla binds to host cells plasma membrane, forming pores and therefore, this
toxin compromises the integrity of the membrane leading to damage and cell lysis.
Interestingly, Hla depicts pro-inflammatory properties and bind to epithelial, endothelial
and immune cells %, eukocidins are bi-component toxins that target protein receptors
in the host cell membrane and form pores. S. aureus leukocidins have been categorized

into five subgroups based on specific protein receptor and target (host specificity): LUkSF-
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PV (also known as Panton-Valentine leucocidin — PVL), LUkE, y-hemolysins AB and CD

(HIgAB and HIgCB), and LukAB (also known as LukGH) 189,

Phenol-soluble modulins (PSMs) are short peptides that display surfactant-like activity
and amphipathic properties, playing a multitude of roles in infection, such as triggering

pro-inflammatory cytokines, damage in neutrophils, and biofilm formation(®"l.

Superantigens (SAs) are exotoxins that disturb the adaptative immune response by
hyper-stimulating T lymphocytes contributing to toxic shock syndrome, respiratory track
infections (e.g., pneumonia) and sepsis [6392_ Interestingly, in the clinical setting, SAs are
involved in inflammatory syndromes that can range from mild symptoms (fever and rash)
to severe symptoms (cytokine storm and multiorgan failure) 3. S. aureus carries an array
of genes encoding for staphylococcal enterotoxins (SE), enterotoxin-like (SE/s) proteins
and toxic shock toxin-1 (TSST-1) 2. Remarkably, it has been shown that SE are
frequently organized in clusters that facilitate bacterial infection and immune evasion 8],
Whilst some SE are chromosomally encoded, most genes encoding SEs reside in mobile

genetic elements (e.g., pathogenicity islands), facilitating horizontal gene exchange 631,

Exoenzymes are secreted by S. aureus to aid in bacterial pathogenicity, via host cell
invasion and immune clearance evasion. Prominent examples of enzymes released by
S. aureus are lipases, phospholipases, proteases, esterases and hyaluronidases '], For

instance, chemotaxis inhibitory protein of S. aureus (CHIPS) is encoded by chp and binds
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to human neutrophils compromising calcium intake, which has a crucial role in neutrophil

physiology (activation, degranulation, phagocytosis) [®41.

Staphyloxanthin is a carotenoid pigment produced by S. aureus, which is responsible for
the golden-yellow colony color of this species. This carotenoid offsets reactive oxygen
species (ROS) released by host immune cells (e.g., neutrophils) acting as a powerful
antioxidant enabling bacterial survival and contributing significantly to the pathogen's
overall virulencel®>%I. Yu et al. (2025) have recently shown a key role of staphyloxanthin

not only in ROS resistance but also in promoting biofilm formation 971,

1.8.3.4 Biofilm formation by Staphylococcus aureus

In 1978, Bill Costerton highlighted the impact of biofilms in medical settings and the study
of biofilm formation by S. aureus has been the scope of many molecular and functional
characterization studies [36:79.97.98] S ayreus biofilm cells produce a matrix of extracellular
polymeric substances, allowing for aggregation and adherence to biotic and abiotic
surfaces. The S. aureus biofilm matrix is primarily composed of the polysaccharide
intercellular adhesin (PIA), encoded by the icaADBC operon and regulated by IcaR 9, In
addition to PIA, the biofilm matrix contains proteins and extracellular DNA (eDNA).
Importantly, there are ica-independent biofilm-positive S. aureus strains which form
proteinaceous biofilm matrices 989 S. aureus biofilms are involved in most of the
infections caused by this organism and are very difficult to eradicate due to increased
resistance to antibiotic treatment and immune clearance 8. Biofilm formation by S.

aureus is controlled by several regulatory systems involving quorum-sensing (agr), the
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cytoplasmic regulator sarA, the alternative sigma factor sigB, and the two-component
system saeRS "%, S. aureus biofilms are important for the colonization of indwelling
medical devices, including intravascular catheters, prosthetic heart valves, prosthetic
joints, artificial pacemakers and several organs, causing severe infections [19.101]
Moreover, evidence collected in the Ramirez’ laboratory demonstrated that the PC

storage environment triggers biofilm formation by S. aureus 379,

1.8.3.5 Antibiotic Resistance

Hospital-associated methicillin resistant S. aureus (HA-MRSA) outbreaks have been
documented since the 1970s due to a rise in infections after patient hospital admission
[60,102,103] | ater, MRSA infections spread to communities contributing to outbreaks of
community-associated methicillin resistant S. aureus (CA-MRSA)['02-104] " Data from the
Public Health Agency of Canada related to infections caused by MRSA showed an
increase in the incidence of CA-MRSA between 2016 and 2020 ['%%], Hospital associated
infections are mostly associated with respiratory track infections, whereas community

associated infections usually present as skin and soft tissue infections [192],

1.8.3.5.1 Mechanisms of Antibiotic Resistance in Staphylococcus aureus

S. aureus carries an array of antibiotic resistance mechanisms to withstand a wide
spectrum of antimicrobial drugs 198, which include changes in membrane permeability,
enzymatic inactivation, target modification and efflux pump activity (Figure 7). Notably,
genes encoding for resistance mechanisms can be exchanged via mobile genetic

elements [107.108]
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Figure 7 — Staphylococcus aureus molecular antibiotic resistance mechanisms. Visual
representation of four different resistance mechanisms: Modification of target; Enzymatic
inactivation, Changes in membrane permeability, and Efflux pumps.Pills represent antibiotics.

Image prepared using BioRender.

1.8.3.5.2 Changes in membrane permeability

S. aureus can modify its membrane permeability to resist drugs and reduce antimicrobials
uptake. Changes in membrane permeability typically involves lipid modifications limiting
the passive diffusion of antibiotics into the cells. Modification of membrane permeability

are particularly important in the resistance to hydrophilic antibiotics, like certain B-lactams
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and aminoglycosides ['%7]. The mechanisms of antibiotic resistance based on changes of

membrane permeability are summarized in Table 2.

Table 2 — Staphylococcus aureus’ mechanisms of changes in membrane permeability

Target Mechanism Result Ref.
Lysinylation of MprF adds L-lysine Positive surface [0
phosphatidylglycerol (from lysyl-tRNA) to charge is increased
phosphatidylglycerol repelling cationic
in the inner antibiotics (e.g.,
membrane and spins daptomycin) and
lysyl- host AMPs
phosphatidylglycerol

D-alanylation of
teichoic acids

Alteration of fatty
acid composition

fabD, fabG
fabl, fabF,

acc genes
(e.g., accA

to the outer leaflet

DItA activates D-
alanine, transported
by DItB and attached
to wall and
lipoteichoic acids by
DItD

Adjustment of the
saturated/unsaturate
d and long-chain fatty
acids ratio to alter
membrane rigidity
and packing density

Reduction of cell wall
negative charge,
limiting binding of
cationic  antibiotics
and AMPs

Modified membrane

fluidity hinders
insertion or
aggregation of
lipopeptide
antibiotics such as
daptomycin.

[110]

(111,
112]
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1.8.3.5.3 Antibiotic enzymatic inactivation

S. aureus enzymes are instrumental in bacterial defense and strongly influence the

classification of this bacterium as a “superbug”, two of the mechanisms of enzymatic

inactivation are summarized in Table 3. For instance, the expression of B-lactamases that

hydrolyze the B-lactam ring of penicillin and related antibiotics, compromises the drug’s

ability to bind to the target penicillin-binding proteins (PBPs) 113114 This inhibition

mechanism confers resistance to a wide range of B-lactam antibiotics. Furthermore,

enzymes such as acetyltransferases (AACs),

phosphotransferases (APHs), and

nucleotidyltransferases (ANTs), play a crucial role in resistance to aminoglycoside

antibiotics (AMEs) ' by modifying its structure via phosphorylation, acetylation or

adenylation preventing the drugs from binding its target (ribosome) 1191,

Table 3 — Staphylococcus aureus’ mechanisms of enzymatic inactivation of antibiotics

Target Genes Mechanism Result Ref
B-lactam blaZ B-lactamase cleaves Resistance to penicillins [l
hydrolysis (B- the [B-lactam ring and narrow-spectrum [3-
lactamase) inactivating the lactams.
antibiotic before

Aminoglycoside aac(6’)-le—
modification aph(2")-la,
ant(4')-la,

aph(3’)-lla

reaching PBPs.

Enzymes acetylate,
adenylate, or
phosphorylate
aminoglycosides,
blocking their binding
to the ribosome.

Resistance to gentamicin,

kanamycin,
tobramycin.

and

[117]
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1.8.3.5.4 Antibiotic target modification

S. aureus resistance to drugs by target modification are presented in Table 4. Some of
the target modifications include modifications in the penicillin-binding proteins (PBPs) in
MRSA driven by the mecA gene that encodes for a modified PBP, known as PBP2a,
enabling the synthesis of peptidoglycan that is poorly cross-linked with reduced affinity
for B-lactams such as methicillin and oxacillin [113.118],

S. aureus has a similar strategy to resist quinolones, by mutating the DNA gyrase
(encoded by gyrA, gyrB) and the topoisomerase IV (encoded by parC, parE), decreasing
binding affinity and conferring resistance to this family of antibiotics ['*°]. Moreover,
mutations in ribosomal proteins (23S rRNA) provide resistance to macrolides,
lincosamides, and streptogramin B (MLSB resistance) ['?°l. Target mutations allow S.

aureus to preserve cellular functions while escaping antibiotics.

1.8.3.5.5 Efflux pumps

Efflux pumps are transmembrane proteins that actively expel antibiotics from the bacterial
cytoplasm reducing their intracellular concentration to sub-lethal levels 124125, Notably,
low antibiotic concentrations can promote efflux pump expression and induce other
mechanisms of resistance (target modification) leading to higher levels of resistance [12°,
Beyond the role in antibiotic resistance, efflux pumps activity has been associated to
bacterial survival and virulence ['241261 A variety of roles, such as evasion to host
defenses, cellular signaling and bacterial basal functions under stressful conditions have
been attributed to efflux pumps, posing a major challenge for the development of novel

antimicrobial approaches that target this mechanism of resistance 271,
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Efflux pumps of S. aureus are divided into families according to their substrate specificity

and energy source as described in Table 5128,

Table 4 — Staphylococcus aureus’ mechanisms of antibiotic target modification

Target Genes Mechanism Result Ref.
Penicillin- mecA  mecA encodes a low- Resistance to B-lactam [121]
binding (encodes affinity PBP2a  that antibiotics (e.g.,
proteins PBP2a) continues peptidoglycan methicillin, oxacillin,
(PBPs) synthesis even when (- cephalosporins).
lactams inhibit native
PBPs.
Ribosomal ermA/  Methylation of 23S rRNA Resistance to [122
methylation ermC by Erm erythromycin,
methyltransferases clindamycin, and other
prevents macrolide— antibiotics.
lincosamide—
streptogramin B antibiotic
binding.
i i i [123]
DNA gyrase gyrA/. Po.lnt mutatlor?s in Resistance to
and parC point quinolone resistance- .
. . .. . fluoroquinolones such
topoisomera mutations determining regions . .
. as ciprofloxacin and
se IV reduce fluoroquinolone .
. levofloxacin.
binding.

32



Table 5 — Staphylococcus aureus efflux pump families.

Efflux Pump Role in Substrate Representative
] ) o Energy Source
Family Resistance Specificity Genes
Major Major contributor to Quinolones, dyes norA. norB, Proton motive
Facilitator multidrug resistance, biocides. norC, mdeA, force
Superfamil especiall + .
P y P y antibiotics ImrS (H* gradient)
(MFS) fluoroquinolones
Provides resistance
through active drug
ATP-Bindi efflux using ATP. Macrolides,
-Bindin
9 Important in nutrient peptide antibiotics, MSrA, bmrA, ATP h :
Cassette ydrolysis
(ABC) and toxin transport. various msbA, sepA
Contributes to stress xenobiotics
survival and
virulence.
Multidrug and  Contributes to
i i i Sodium or proton
Toxin resistance by Quinolones, mepA . p
Extrusion exporting toxic ~ aminoglycosides gradient
(MATE) compounds.
Small Conf <t ) Quaternary
onfers resistance to .
Multidrug o ammonium " Proton motive
. biocides and Sep ‘
Resistance o compounds, orce
disinfectants. o
(SMR) antiseptics
Resistance- Confer resistance to
farE, femT, :
Nodulation-  antimicrobial fatty =~ Broad-spectrum ars, femd.— Proton motive
Division  acids by exporting substrates secDF force
(RND) them from the cell
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1.8.3.5.6  The Nor family efflux pumps

The Nor family of S. aureus efflux pumps is described in more detail as it is relevant for

my thesis as shown in subsequent chapters. Nor efflux pumps have a crucial role in the

resistance to quinolones, such as norfloxacin and ciprofloxacin, contributing to bacterial

survival upon antibiotic exposurel'®. Notably, studies have shown that exposure to low

concentrations of quinolones may contribute to upregulation of nor genes and

consequently increased quinolone resistance in S. aureus ['2°-131, Nor proteins use an

ion-driven antiport mechanism in which the substrate and proton (H*) are moved across

the membrane in opposite directions facilitating antibiotic movement to the outside of the

cell [107.125] S, qureus Nor family comprises three efflux pumps NorA, NorB and NorC 1321,

NorA is a well-characterized efflux pump; this protein contains 388 amino acids, and
it is structurally organized in 12 transmembrane segments forming the efflux channel
conferring resistance to quinolones, dyes and biocides ['3% |t is involved in the
extrusion of hydrophilic quinolones such as ciprofloxacin and norfloxacin [133],

NorB is analogous to NorA; it is 463 amino acids long and is structured in 12
transmembrane segments ['281. NorB substrates include hydrophobic quinolones such
as moxifloxacin and sparfloxacin, and hydrophilic quinolones such as ciprofloxacin
and norfloxacin, dyes and biocides [133],

NorC, a less studied protein; it comprises 462 amino acids, which are arranged in 12
transmembrane segments. This protein is involved in the resistance to hydrophilic and
hydrophobic quinolones, such as ciprofloxacin, moxifloxacin and garenoxacin, and to

the dye rhodamine [134],
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1.8.3.5.6.1 Regulation of efflux pump nor genes

The expression of the nor genes is affected by the phosphorylation status of the multiple
gene regulator A (MgrA, previously known as NorR) and the NorG regulator [132,135-140]

(Figure 8 6).

S. aureus

Figure 8 — Proposed model for the regulatory cascade for the Nor efflux pump family genes in

Staphylococcus aureus. Image prepared using BioRender.

As shown in Figure 8, the GntR-family transcriptional regulator NorG is involved in the
positive regulation of nor genes contributing to enhanced resistance to quinolones 11401,
NorG binds to promotor regions of norA, norB and norC [351401 However, it has only been
demonstrated to function as an activator of norB, triggering an increase in norB

expression levels {Figure-8). Importantly, MgrA and NorG have opposite effects on norB
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expression, phosphorylated MgrA represses norB, while NorG activates norB [135.140],

Additionally, MgrA represses norG expression [132.135],

Additionally, the PknB kinase phosphorylates MgrA ['321 and phosphorylated MgrA (MgrA-
P) binds to the promoter of norB acting as a repressor, whereas dephosphorylated MgrA
represses norA expression [132135.136] The RsbU phosphatase has been reported to
dephosphorylate MgrA ['32, This phosphatase RsbU has a key role in the alternative
sigma factor SigB regulon, which consists of four proteins, RsbV, RsbW, RsbU and SigB
141 RsbU dephosphorylates RsbV-P; dephosphorylated RsbV then binds to RsbW
releasing SigB to form a complex with the RNA polymerase resulting in the holoenzyme
RNAP [141.142] - This holoenzyme drives the transcription of genes involved in
housekeeping functions, virulence, biofilm formation, persistence, cell internalization,
membrane transport, and antimicrobial resistance ['#3, In the absence of RsbU, RsbV
remains phosphorylated and RsbW sequesters SigB, preventing the formation of RNAP

and expression of virulence genes [132],

1.8.3.5.6.2 MgrA: Regulation Mechanism and Target Genes

MgrA is a global transcriptional regulator of the MarR family that has a central role in
virulence, stress responses, and antibiotic resistance in S. aureus as shown in Table 6
(1441 MgrA activity is strongly regulated through redox-sensitive modifications,
phosphorylation, and interactions with other global regulators [45.146] Under oxidative
stress conditions, MgrA conserved cysteine residue (Cys12) undergoes oxidation

resulting in the loss of MgrA’s DNA-binding and activation or repression of its target genes
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[147.148] - Additionally, the serine/threonine kinase PknB phosphorylates the serine 110

(S110A) and 113 (S113A) residues of MgrA; these residues are replaced by alanine (Ala)

at these positions leading to a decrease in the phosphorylation of MgrA. The

phosphorylation of MgrA affects transcription of targets genes (activate or repress) like

efflux pumps contributing to a shift in this pathogen virulence and antibiotic resistance

[132,135-139,146,147] MgrA regulates several genes (Table 6) and participates in a complex

regulatory network that includes other global regulators, such as SigB, SarA, and Rot [148],

Table 6 — MgrA regulatory effect and target genes [135.149

Target Effect Function of Target
norA Repressor Encodes the NorA efflux pump, involved in quinolone
resistance
norB Activator Encodes the NorB efflux pump, contributes to quinolone
resistance
norG Repressor Encodes the NorG transcriptional regulator resistance
CidA Repressor Associated with autolysis, murein hydrolase activity, and cell
death; important for biofilm dispersal
capbA-P Activator Capsular polysaccharide synthesis enzyme
ureA-G Repressor Encodes urease, an enzyme that hydrolyzes urea to
ammonia, contributing to pH neutralization and survival in
acidic environments (e.g., phagosomes, urinary tract)
SpA Repressor Encodes Protein A, an immune-evasion factor that binds
IgG
sarA Activator  Encodes the SarA regulator, another major global regulator

of virulence genes

1.8.3.5.6.3 NorG: Regulation Mechanism and Target Genes

NorG is an HTH-type transcriptional regulator of the GntR family that regulates antibiotic

resistance and metabolism in S. aureus ', NorG is a global sensor involved in the
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bacterial response to environmental stressors, particularly by regulating the expression

of several efflux pumps (Table 7) ['35140 The activation of norB by NorG is well-

established, while simultaneously acting as a repressor of other efflux genes like norC

and abcA 40, Furthermore, NorG is negatively regulated by MgrA, resulting in a complex

regulatory network that contributes to S. aureus ability to resist antibiotics [135].

Table 7 — NorG regulatory effect and target genes [135139.140.150]

Target Effect Function of Target
norB Activator  Encodes the NorB efflux pump, contributes to quinolone
resistance
abcA Repressor Encodes the AbcA transporter, involved in antimicrobial
resistance
norC Repressor Encodes the NorC efflux pump, associated with
quinolone resistance
mgrA Activator Encodes the maijor global regulator (indirect effect,
creating a complex regulatory loop)
arlS Activator  Encodes global regulators involved in virulence network
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1.8.4 Models to study Staphylococcus aureus virulence

Virulence models are a key tool to investigate bacterial mechanisms of disease in a
controlled environment. These models contribute to the understanding of virulence profile
of pathogens like S. aureus. Clinical relevance and research goals are paramount in the

selection of a model to study bacterial virulence 5],

1.8.4.1 Vertebrate models

The study of S. aureus virulence can be enhanced with the resource of experimental
models, that can range from simple models to advanced mammalian systems, high-
throughput invertebrates, and in vitro assays [61-165, Mammalian models are required to
study systemic and tissue-specific infections, as these models mimic human disease [63-
1651, Mice are small, cost-effective, and genetically tractable animal models suitable for
modeling a wide selection of S. aureus infections including pneumonia, sepsis, skin and
soft tissue infections (SSTI), osteomyelitis, and abscesses ['%6:163. Murine models have
contributed greatly to the identification of virulence factors and characterization of the
immune response, such as the discovery of alpha-hemolysin’s critical role in pneumonia
(1641 | Species-specific limitations in virulence studies led to the development of humanized
mouse models (carrying engrafted human hematopoietic stem cells and immune tissues),
which are suitable to study secreted toxins like the Panton-Valentine leukocidin (PVL) ['69],
Rabbits are another example of mammalian animal models suitable to study skin
infections, pneumonia, osteomyelitis, and endocarditis caused by S. aureus. Their size

presents a big advantage as it facilitates surgical procedures, sample collection, and high-
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yield antibody production. However, the use of rabbits presents disadvantages, such as
higher costs, need for larger facilities, shortage in specialized research reagents (e.g.,
specific antibodies and knockout models) in comparison to what is available for murine
models, and differences in drug interaction due to their foregut fermentation digestive

system [166],

1.8.4.2 Invertebrate models

Invertebrate models emerged as a cost-effective and high-throughput option for virulence
and antimicrobial studies of S. aureus 5317, The Galleria mellonella (greater wax moth)
larvae display cellular and humoral immune response to infection that resembles the
mammalian immune response. This model has been used to study Gram-positive and
Gram-negative bacteria, including S. aureus to investigate antimicrobial resistance, test
the efficacy of novel drugs and combination therapies, and the function of bacterial
virulence factors and sRNAs in a living host ['68-1701. G, mellonella has also been used to
study biofilm formation on prosthetic implants and abscess development, contributing to

the understanding of host-pathogen interactions [170.171],

Caenorhabditis elegans and Drosophila melanogaster models have also contributed to
the study of staphylococcal virulence mechanisms and innate immune pathways post

infection (1611,

For instance, C. elegans has been used to study staphylococcal virulence factors, such
as the agr system, sarA, and a-hemolysin, that play a major role in S. aureus infections

and in the characterization of host innate immune responses 72173, Furthermore, C.
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elegans is a useful model to investigate antimicrobials efficacy against S. aureus, offering

valuable insights in the development of therapeutical approaches ['741.

Additionally, Drosophila melanogaster, despite its simplicity, has been largely employed
for the study of host-pathogen interactions due to a highly conserved innate immune
response that include pathways similar to those in humans, such as the Toll and IMD
[175.176] D, melanogaster has shown efficiency in the identification and characterization of
S. aureus virulence factors and host defense response mechanisms, shedding light on

host immune responses and supporting the improvement of therapeutic treatments ['77],

Bombyx mori silkworm larvae have been shown to be an effective model to study S.
aureus virulence via killing assays [155.158.167.178] ' The silkworm immune response
comprises regulatory pathways that are conserved in the mammalian innate response
closely in the mammalian immune response, but lacks adaptative immune response
mechanisms 67178 The immune response of B. mori comprises of a cellular and
humoral response. The cellular arm is driven by hemocytes (analogous to human
phagocytes) and encompasses phagocytosis, encapsulation, and nodulation of invading
microorganisms ['7?l. On the other hand, unlike in the mammalian system where the
humoral system is part of the adaptative response, in silkkworms humoral arm of the
immune response is activated by JAK-STAT and Toll-receptor pathways resulting in the
secretion of antimicrobial peptides, complement-like proteins and the activation of the
prophenoloxidase (PPO) activating system, melanization and clotting [167.180.181]
Therefore, the silkworm provides a simplified yet effective model for studying fundamental
aspects of human immune responses. The silkworm immune response to S. aureus

infection, in comparison to human innate immune response is described in table 8.
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Table 8 — Immune response to Staphylococcus aureus infection in Bombyx mori in comparison to

human immune response [155.157.158,167,178,180]

Feature Immunomodulators Silkworm Human
Response Response
Pathogen Peptidoglycan Recognize lysine- Toll-like receptor 2
Recognition ~ Recognition Proteins  type peptidoglycan,  (TLRZ2) recognition of

Toll Receptor

Immune
Deficiency
pathway

(PGRP), B-1,3-glucan
Recognition Proteins
(BGRPs)

Toll receptors

IMD

prompting
downstream signaling
cascades

Activation of Toll
signaling that leads to
the production of
antimicrobial peptides
(cecropins, moricins,
defensins, and
gloverins)

Provides cross-
regulation with Toll
signaling during S.
aureus infection to

enhance AMP
production

Gram-positive
bacterial components

TLR-NF-kB pathway
in humans induce
cytokine and AMP

expression

TNF receptor—NF-kB

pathway; secondary

role in Gram-positive
infections

JAK-STAT
pathway

Melanization
Cascade

Cellular
Response

JAK-STAT, cytokine-
like molecules

Prophenoloxidase
(proPQO), serine
protease cascade,
phenoloxidase (PO),
melanin synthesis
enzymes

Hemocytes
(granulocytes,
plasmatocytes)

Modulates immune
gene expression and
maintains immune
balance during
prolonged infection

Activated by PGRPs;
promotes
melanization around
infection sites

Phagocytosis,
encapsulation, and
nodulation at infection
sites; release reactive
oxygen species
(ROS) and AMPs

Cytokine-mediated
immune regulation

Inflammatory
oxidative responses
in humans.
Skin pigmentation,
not an immune
mechanism
against S. aureus
Macrophage and
neutrophil-mediated
phagocytosis and
oxidative killing in
humans
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1.8.4.3 In vitro models

In vitro models provide controlled environments for investigating specific host-pathogen
interactions. Cell culture models, including two-dimensional (single layer on a flat surface)
and three-dimensional systems (organoids, spheroids, co-culture), can be applied to
investigate secreted toxins and S. aureus biofilm formation ['82-184_Moreover, human skin
models and epithelial cells can be applied to describe colonization and the transcriptional
response of S. aureus during infection ['81. Similarly, biofilm models are important for
understanding chronic infections. Flow-based systems provide real-time biofilm formation
insights whereas three-dimensional collagen-based models replicate staphylococcal

abscess communities, which exhibit high tolerance to antibiotics [185],

1.9 Rationale

Bacterial contamination of PCs remains a significant challenge in transfusion medicine
and poses a serious threat to patient safety. S. aureus is a predominant PC contaminant,
which can escape detection during screening with culture methods and resist pathogen
reduction treatment, resulting in septic transfusion reactions, and has therefore been

chosen as the focus of my PhD research studies.

My thesis builds on previous findings from the Ramirez’ lab that revealed that S. aureus
grown in PCs display upregulation of virulence genes. However, a major knowledge gap
remains as it is currently unknown if transcriptional changes translate into enhanced
antibiotic resistance and virulence in the pathogen when grown in PCs. Hence, my work

aims to expand the current knowledge by conducting functional assays to test whether
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the increased gene expression observed under PC conditions translates into heightened
antibiotic resistance and virulence potential of S. aureus by addressing the following

research question:

Does the PC storage environment drive the transcriptional and functional adaptation of
S. aureus for enhanced virulence and antibiotic resistance, thereby compromising the

efficacy of standard antibiotic therapy and patient outcomes following transfusion?

1.10 Hypotheses

The PC storage environment triggers transcriptional changes in S. aureus resulting in
increased resistance to antibiotics. Furthermore, these transcriptional changes result in

enhanced virulence of S. aureus when grown in PCs.

1.10.1 Objectives

The objectives of my PhD research project are to:
1. Assess the differential gene expression of S. aureus grown in PCs compared to
Tryptic Soy Broth (TSB) with focus on genes involved in antibiotic resistance using

molecular biology approaches.

2. Study the role of the NorB efflux pump on the virulence of S. aureus grown in PCs

using a B. mori (silkworm) model.
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2. Materials and Methods

As a disclaimer, part of the work presented in this chapter has been published in the
journal Antibiotics (MDPI), in which | am the first author ['l. Dr. Sandra Ramirez-Arcos was
involved in the conception of the study, designing the experiments described in this
chapter, and in editing the published manuscript. Post-doctoral fellow Dr. Basit Yousuf
optimized RNA-seq extraction and RT-gPCR protocols that | used in my transcriptome
studies. Post-doctoral fellow Dr. Sylvia Ighem Chi established the CRISPR-Cas9 method
to create deletional mutants in S. aureus that | adopted to attempt the construction of a
norB mutant in S. aureus. Minimal Bactericidal Concentration protocols were optimized
in collaboration with Dr. Thien-Fah Mah in the University of Ottawa. Dr. Dilini Kumaran
developed the silkworm killing assay protocol in S. aureus !'® that | used during my

virulence studies.
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2.1 Phenotypic characterization of Staphylococcus aureus

strains

2.1.1 Staphylococcus aureus strains

Four transfusion relevant strains (TRS) and three laboratory strains were tested in my
thesis. Out of the four TRS, S. aureus CBS2016-05 was involved in a septic transfusion
event in Canada 341861 (Table 9). The other three TRS were isolated in England by the
National Health Service Blood and Transplant (NHSBT) (Table 3). These strains
include S. aureus CI/BAC/25/13/W 871 which was isolated from a unit recalled prior to
transfusion (near-miss) due to the presence of aggregates, and S. aureus
PS/BAC/169/17/W ['88] and S. aureus PS/BAC/317/16/W [18 which were both detected
during routine screening. In addition to the TRS, S. aureus RN6390 ' and derived norB
and mgrA mutants, which were kindly provided by Dr. David Hooper (Harvard University),
were used for functional studies (Table 9). Furthermore, S. aureus RN4220 and
Escherichia coliDC10b were used for mutagenesis protocols, and S. aureus ATCC 25923
and ATCC 29213 served as controls for biofilm formation and antimicrobial resistance

assays, respectively (Table 9).
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Table 9 — Staphylococcus aureus strains used in this study.

Strains Characteristics Origin Reference

Transfusion Relevant Strains (TRS)

Failed detection during PC
screening
Involved in a septic
transfusion reaction.
Isolated from patient
samples and residual PCs

CBS2016-05 Canada, 2016 [34,186]

Failed detection during PC
screening. Near-miss
CI/BAC/25/13/W captured prior to transfusion
due to the presence of
aggregates

England, [187]
2013

Detected during PC England, [188]

PS/BAC/169/17/W screening 2017

Detected during PC England, [189]

PS/BAC/317/16/W screening 2016

Laboratory Strains

Wild type, descendent of
RN6390 NCTC8325-4 [190]
(rsbU mutant)

RN6390 (norB deletion (]
mutant)
RN6390 (mgrA deletion [191]
mutant)
Other Strains
American Type Culture
Collection
American Type Culture
Collection
Mutation in the "sau1 hsdR"
gene
dcm deletion mutation
(cytosine methylation)

RN6390AnorB

RN6390AmgrA

ATCC 25923
ATCC 29213
S. aureus RN4220

Escherichia coli DC10b
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2.1.2 Pooled Platelet Concentrates

Leukocyte-reduced buffy coat pooled PCs suspended in 100% plasma were used for this
study following standard manufacturing protocols established at the Canadian Blood
Services netCAD Blood4Research Facility (netCAD, Vancouver, BC, Canada). This study
was granted ethical approval by the Canadian Blood Services Research Ethical Board

(REB 2015.024, 24 June 2019).

2.1.3 Media and Reagents

Media: Frozen stocks of all isolates were prepared in Brain Heart Infusion (BHI) broth
(BD) with 15% glycerol (v/v) and stored at -80 °C. Tryptic Soy Agar (TSA) plates (TSB —
BD; agar - Fisher) were used to sub-culture frozen stocks and for bacterial enumeration.
Tryptic Soy Broth (TSB) (supplier) was used for growth curve studies, Minimal Bactericidal
Concentration (MBC) assays and bacterial culturing for RNA extraction and virulence
assays. TSB supplemented with 0.5% glucose (TSBg) was used for biofilm formation
experiments. Muller Hinton Broth cationic adjusted (MHB®®*) (Sigma) was the media used
for Minimal Inhibitory Concentration (MIC) assays. Blood Agar (BA) (Oxoid) was used to
determine the hemolysis profile of S. aureus isolates. Lysogeny Broth (LB) (LB — BD) and
Lysogeny Broth agar (LBA) (LB — BD; Agar — Fisher) were used to subculture E. coli.

Bacterial frozen stocks: Bacterial frozen stocks were prepared by re-suspending a full

loop of a fresh culture of each S. aureus strain in BHI with 15% glycerol (v/v). Enumerated
frozen stocks were prepared by incubating S. aureus overnight (18 + 2h) in TSB at 37°C

with agitation (160 rpm). Overnight cultures were mixed with 50% glycerol in an 8:2 ratio
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(culture:glycerol), thoroughly vortexed and aliquoted into previously labeled cryovials and
store at -80 °C. After 24h, one vial per isolate was used to determine bacterial load as
follows: one vial of frozen stocks was thawed, serial diluted (1:10), plated on TSA plates,
and incubated for 16 + 2h at 37°C. After incubation, colonies were counted, and bacterial
load was determined based on the number of colonies and dilution factor. Bacterial frozen
stocks were retrieved and thawed only once for downstream applications to avoid
repeated freeze-thaw cycles.

Antibiotics: Ciprofloxacin — CIP (TCI), and Norfloxacin — NOR (Sigma) were used MIC
and MBC assays. Kanamycin - Kan (Sigma), Chloramphenicol — CM (Sigma), and
Ampicillin — Amp (Sigma) were used to supplement TSA, TSB and LB in mutagenesis
experiments and will be described in the respective protocols as “media+antibiotic+
concentration” (e.g., TSB containing 10 ug/mL of chloramphenicol would be TSB+CM10

or LB containing 50 ug/mL of kanamycin would be LB+Kan50 ).

2.1.4 Morphological Characterization of Staphylococcus aureus strains

Gram staining and microscopy: Bacterial smears were prepared by placing a small

number of bacteria on a glass slide with a droplet of water, which was spread into a thin
layer, allowed to airdry, and fixed with 99.9% methanol. Gram strain was performed using
the BD Gram Stain kit (BD). Briefly, crystal violet was applied onto the slide (1 minute),
rinsed with distilled water, followed by application of the mordant iodine solution (1 minute)
and rinsing with distilled water, before decolorization with acetone: Isopropanol,

25/75(v/v) for 10 seconds, and contrast staining with safranin (1 minute). After staining,
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the slides were subjected to a final rinsing with distilled water and air drying. Slides were
observed under the microscope (Olympus BX53) using oil immersion lens (100x
objective) and pictures were captured with an Infinity 3 Teledyne Lumera camera and

processed with the Infinity Analyser 7 software (version 7.1.0.1215).

Colony morphology and hemolysis: a loopful of bacteria was collected from a frozen stock

vial and streak onto BA using the quadrant method and incubated 37 °C for a minimum
of 24h. Plates were separately prepared for each isolate and examined under the light to
identify yellow/golden colony pigmentation (indicator of staphyloxanthin production) and
zones of hemolysis. A clear halo, around colonies was classified as beta hemolysis, while

no change in the agar coloration around the colonies was classified as gamma hemolysis

(192]

2.1.5 Biochemical characterization of Staphylococcus aureus strains

Biochemical characterization of the strains was performed using Gram-positive cards
(VITEK®2 GP) which were incubated in the VITEK®2 compact system (bioMérieux) as
per manufacturer’s specifications. The VITEK®2 system is a closed automatic system that
fills, seals, and incubates the cards at 37 °C for up to 24 hours. During incubation, the
system monitors bacterial growth and metabolic kinetics periodically, measuring
fluorescence, turbidity, and color in the wells. Once incubation is complete, the collected
data are analyzed by the system, and results are compared with the system validated

database to determine isolate identification [193],
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2.1.6 Growth curve studies of Staphylococcus aureus strains

Growth in TSB: Overnight cultures were prepared by re-suspending 1 or 2 colonies of S.

aureus fresh cultures into 15 ml of TSB followed by incubation at 37° C under agitation at
160 rpm for 18 + 2 hours. These fresh cultures were used to inoculate 70 mL of TSB at
an initial inoculum of ODeoo = 0.002 (corresponds to approximately 10% to 106 CFU/ml) in
T75 culture flasks, which were incubated at 37 °C under agitation (160 rpm), for 12 hours.
Optical density (ODeoo) of the cultures was determined using a spectrophotometer
(Ultraspec3100, Biochrom). Samples were collected every 2 hours for ODeoo
measurements and bacterial load determination by plating serial dilutions (1:10) onto TSA
plates in duplicated followed by incubation at 37 °C, 18 £ 2 hours. After incubation,
CFU/mL were calculated for each sampling point.

Growth curves were analysed using MS Excel to determine growth rate (SLOPE function)
and doubling time ['%4. Briefly, the slope function calculates the steepness of the growth
curve based on linear regression (k). The Excel tool determines the growth rate (k)
between time points using the formula (x = time and y = Log (CFU/mL):

y2— yl

Slope (k) = g

Doubling time was determined using the formula:

n(2)

Doubling time =

The data analysed represent the average resulting from the analysis of three growth

curves obtained from independent cultures.
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Growth in PCs: PC cultures were prepared in T75 culture flasks containing 70 mL of PCs

and incubated under PC storage conditions (22 +2 °C, 60 rpm) for up to 144 hours (six
days). S. aureus PC cultures of TRS started with an initial inoculum ranging from 105 to
108 CFU/ml (based on adjusted ODeoo in TSB). In contrast, S. aureus RN6390 and derived
norB and mgrA mutants were inoculated with ~30 CFU per flask to mimic real-life bacterial
loads in PCs, which are less than 1 CFU/mL. Samples from PC cultures were collected
every 24 hours and bacterial load was determined by plating samples on TSA in
duplicated followed by incubation (37 °C, 18 + 2 hours).

Growth curves were analysed using MS Excel to determine growth rate (SLOPE function)
and doubling time ['94, Briefly, the slope function calculates the steepness of the growth
curve based on linear regression (k). The Excel tool determines the growth rate (k)
between time points using the formula (x = time and y = Log (CFU/mL):

_y2—yl
Slope (k) = 7~ %1
Doubling time was determined using the formula:

In(2)
k

Doubling time =

The data analysed represent the average resulting from the analysis of three growth

curves obtained from independent cultures.

2.1.7 Biofilm formation assays of Staphylococcus aureus strains

S. aureus biofilm formation was determined using a crystal violet assay method previously
optimized in the Ramirez’ laboratory 4. Overnight cultures were prepared by re-

suspending 1 or 2 colonies of S. aureus in 15 mL of TSB followed by incubation at 37° C,
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under agitation at 160 rpm for 18 + 2 hours. TSBg and PC cultures were inoculated at an
initial inoculum of ODeoo = 0.1 (~1.0 x 108 CFU/mL) and then dispensed onto 6-well culture
plates. Three wells were loaded each with 3 mL of inoculated cultures and three wells
were loaded with 3ml of unspiked TSBg or PCs (negative controls). TBSg cultures were
incubated at 37 °C for 24h with no agitation, while PC cultures were incubated at 22 +2°C,
with agitation at 60 rpm for 5 days. After incubation, plates were treated as follows: each
well was washed three times with 3 ml of phosphate buffered saline (PBS) to remove
planktonic cells. Wells were stained with 3 ml of 0.3% crystal violet followed by incubation
at room temperature for 30 min under agitation (~60 rpm). Thereafter, the wells were
washed three times with PBS to wash the excess of crystal violet. Lastly, 3 mL of a
destaining solution (20% acetone and 80% ethanol) was added to each well and plates
were incubated at room temperature for 30 min under agitation (~60 rpm) to elute the
crystal violet staining. Crystal violet staining is directly related to attached bacterial
aggregates (i.e., biofilms) in the plate culture wells. Subsequently, 200 pl aliquots of the
eluted solution from each well were transferred in triplicate to a 96-well plate and the
absorbance was read at a wavelength 492 nm in a microplate reader (Spectra MAX190,
Molecular Devices). S. aureus ATCC 25923 served as positive control for biofilm
formation while unspiked TSBg and PCs served as negative controls. Quantification of
biofilm formation was determined by normalizing optical density data: (OD values of
uninoculated TSB and PCs were subtracted from absorbance readings of test samples).

The isolates capability of producing biofilm was determined as per Lin, M.F., et al (2020)

[195] -
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/

Cutt-off value — ODc = Average OD of negative control + 3 x Standard deviation )
> OD < ODc — negative (not a biofilm former)
= ODc < OD492 < 2 x ODc — weak biofilm producer
b 2 x ODc < OD4g2 <4 x ODc — moderate biofilm producer
> 4 x ODc < ODa492 — strong biofilm producer
- ° b /

2.1.8 Comparative genomic analyses of Staphylococcus aureus strains

2.1.8.1 Whole genome sequencing (WGS)

WGS of the TRS used in this study were performed and published by the Ramirez’ lab in
collaboration with colleagues from Health Canada. | was directly involved in the WGS of
TRS S. aureus CI/BAC/25/13/W and S. aureus PS/BAC/169/17/W ['87.188] The other two
TRS (S. aureus CBS 2016-05 and S. aureus PS/BAC/317/16/W [186.189 ) were sequenced
following the same procedure by post-doctoral fellow Dr. Basir Yousuf Briefly, paired-end
lllumina whole-genome shotgun sequencing was performed using Nextera XT DNA
libraries run on a MiSeq instrument (v3 chemistry, 2x300 bp reads) per manufacturer
guidelines (lllumina). Nanopore WGS sequencing libraries were obtained with a rapid
barcoding sequencing kit (SQK-RBK004), a FLO-MIN106 flow cell (R9.4) and a 1D
MinlON system (Oxford Nanopore Technologies). The raw Illumina reads were
processed using FastP (v0.20.1) to extract adapter and barcode sequences, correct out
of place bases in overlaps, and filter low-quality reads (Q<20). Long-read signal

processing, base calling, demultiplexing, and adapter trimming were performed using
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Guppy GPU v5.0.16+b9fcd7b and reads of <1 kb were discarded using Filtlong v0.2.0
(https://github.com/rrwick/Filtlong). A de novo hybrid assembly was performed using
Unicycler (v 0.4.8) at default settings. Annotation was performed with PGAP v 2021-01-
11. build5132 (best placed reference protein set, GeneMarkS-2+) (github.com/ncbi/pgap)
and analysed with QUAST v 5.0.2 (github.com/ablab/quast) ['%]. The genome of S.

aureus RN6390 was published by Garret et al ['9],

2.1.8.2 Comparative genomic analyses

The genomes of five S. aureus isolates, the four TRS and RN6390, were aligned and
visualized using Mauve Progressive (Mauve 2015226 built10, last accessed on May 28",
2025). Genome files (FASTA format) were uploaded onto the software for comparison
using a guide tree constructed from pairwise comparisons and identify conserved
segments, insertions, deletions, and rearrangements within the genomes. The norB gene
and neighbour genes (upstream and downstream) were identified by manual search
using published genomes 1861901 Sequences were analysed using the Operon Mapper

online bioinformatis tool (https://biocomputo.ibt.unam.mx/operon mapper, last accessed

on November 6%, 2025) to determine if norB was part of an operon 971,

2.1.8.3 Virulence genes identification

Virulence genes encoded in the bacterial genomes were obtained using the Virulence
Factor Database (VFDB 2022) VFanalyzer9 (accessed on May 28", 2025) under default
parameters. Genes listed by VFDB were aligned against the whole genome sequenced
using BLASTn [198],
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2.1.8.4 Antibiotic resistance genes identification

Genes encoding for antibiotic resistance mechanisms were gathered using the
Comprehensive Antibiotic Resistance Database (CARD-RGI, The Comprehensive
Antibiotic Resistance Database, McMaster University, accessed on May 28, 2025),
under default parameters to curate the genes generating gene accession numbers.
Compiled genes were verified by alignment against the whole genome sequenced using

BLASTn [198],

2.1.9 Comparative Transcriptome Analysis of TRS grown in PCs vs TSB

2.1.9.1 Staphylococcus aureus RNA isolation, library construction
and sequencing

For RNAisolation, 70 mL PC and TSB cultures were inoculated with each of the four TRS
(Table 3), with an initial inoculum of approximately 4 x 108 CFU/ culture, followed by
incubation under PC storage conditions (22 +2 °C, 60 rpm, 144 h) to allow the comparison
of gene expression in TSB and PCs in similar culture conditions. S. aureus isolates were
sampled during stationary phase to increase the yield of extracted RNA in PC-cultured
isolates and capture the gene expression of virulence factors that contribute to increased
pathogenicity [6367.92.199.200] Sybsequently, the cultures were pelleted by centrifugation at
4°C and subjected to RNA extraction using the miRNeasy Mini Kit (Qiagen), as per the
manufacturer's instructions. To eliminate genomic DNA, the RNA samples from three
independent biological replicates were treated with TURBO™ DNase AmbionTM
(Thermo Fisher Scientific). Furthermore, the RNA samples from spiked PCs underwent

an additional treatment using the MICROBEnrich™ kit (Ambion) to remove eukaryotic
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RNA. RNA sequencing was performed at the Ottawa Hospital Research Institute (OHRI)
sequencing facility. Briefly, quality and quantity of the RNA samples were assessed using
a Biodrop YLITE and Fragment Analyzer™, and samples with an RNA Quality Number
(RQN) ranging between 8.7 and 10 were chosen for next steps. Subsequently, cDNA
libraries were generated using Illumina® Stranded Total RNA Prep, Ligation with Ribo-
Zero Plus (lllumina 20040525). Quantification of the libraries was performed with the
Qubit Double Stranded DNA HS kit (Thermo Q32854) and ran on the AATI Fragment
Analyzer to verify the size distribution. The libraries were normalized, pooled, and diluted
as required to achieve acceptable cluster density on the NextSeq 500 sequencer (lllumina
SY-414-1001). The library pool then underwent 75 Cycle High Output (lllumina

20024906).

2.1.9.2 Transcriptome assembly and differential gene expression
analyses

Genome sequences of the four TRS (Table 3) were used as reference genomes for
transcriptome assembly. Sequence quality control analysis was performed using FastQC
and fastp to determine the quality of the reads. Transcript quantification was conducted
using Salmon and the reads were aligned to the genome using bowtie2. For differential
expression analysis, the transcript quantification data for all samples were imported into
R. In the subsequent stages of the analysis, genes encoding rRNA and tRNA were filtered
out from the read count matrix, and non-expressed genes (genes with fewer than two
replicates with five or more assigned reads) were excluded. DESeq2 was employed to

estimate size factors for count scaling based on library size and to calculate dispersion
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parameters to assess the deviation of expression variance from the mean across the
dataset 201, The DESeq 'rlog()' function was applied to perform a regularized log
transformation of the count values, which were then used in DESeq's plotPCA() function
to generate a PCA plot visualizing the clustering of the replicates. Hierarchical clustering
was conducted using the rlog-transformed values to depict similarities between samples.
Following the normalization procedure, differentially expressed gene (DEG) analysis was
carried out between the PC and TSB conditions for each bacterial strain. The 'lfcShrink()'
function in DESeq2 was employed for this analysis, which calculates the log2 fold change
between the conditions while shrinking the value in cases of high uncertainty in the
estimated fold change, often arising from low read counts assigned to the gene. The
transcriptome dataset of antibiotic resistance genes was further analyzed considering a
log2-fold difference of 21.0 as a significant change in DGE. This cut-off was chosen to

capture relatively small but biologically meaningful gene expression changes.

2.1.9.3 Validation of RNA-seq data using quantitative reverse
transcription PCR (RT-qPCR)

RNA-seq data was validated by performing RT-qPCR. Briefly, complementary DNA
(cDNA) synthesis was performed with 1 ug of DNase-treated total RNA using the iScript
cDNA synthesis kit (Bio-Rad) following manufacturer’s instructions and using the
following protocol: Priming 5 min at 25°C; Reverse transcription 20 min at 46°C; Reverse
transcriptase inactivation 1 min at 95°C. The qRT-PCR reaction was carried out in a
CFX96 Thermal cycler (Bio-Rad) using iQ SYBR Green super mix (Bio-Rad) as

recommended by the manufacturer. Oligonucleotide primers were designed using the
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PrimerQuest tool at IDT website efficiency of the primers was determined by the dilution
method (100 ng — 0.01 ng) using the following protocol: 3 min at 95°C; 40 cycles (10 sec
at 95°C; 25 sec at 57°C); 10 sec at 95°C; 5 sec at 65°C (Appendices A1 and A2 show
primer melting curves to assess primer specificity and efficiency; Appendix 6 lists all
primers used in this work). The 16S RNA was used as an internal control to normalize the
target gene mRNA expression. Fold change in gene expression between TSB and PC
samples were calculated using cycle threshold (Ct) values of each gene and the 2-2ACt

method [6267.62

2.2 Creation of a norB knockout mutant in Staphylococcus
aureus

Two methods were attempted for the construction of a norB knockout mutant in S. aureus,

CRISPR-Cas9 and allelic recombination exchange.

2.2.1 Preparation of competent cells

Escherichia coli DC10b competent cells

E. coli DC10B was selected because it does not produce a DNA cytosine
methyltransferase, and therefore plasmids produced in this strain bypass the S. aureus
type IV restriction barrier, a major foreign DNA restriction system.

E. coli was streak from a frozen stock onto LB agar plates and incubated overnight (16 to
20 h) at 37 °C. Thereafter, one colony was inoculated in 3 mL LB and incubated overnight

(16 to 20 h) at 37 °C with agitation at 250 rpm. The overnight culture was diluted 1:100
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by adding 1mL of the overnight culture into 100 mL LB media in a T75 flask and incubated
at 37°C with agitation at 250 rpm until optical density ODsoo = 0.5 - 1.0. Cells were
harvested by centrifugation (6000g for 10 minutes at room temperature). Supernatant
was discarded and the pellet was resuspended in 10 mL of sterile ice-cold ddH20 and
chilled on ice for 15 mins. Cells were pelleted, supernatant was decanted, and the pellet
was gently resuspended in 40 mL ice-cold ddH20 and centrifuged at 6000g for 10 minutes
at 4 °C. Thereafter, the supernatant was carefully discarded, and the pellet was gently
resuspended in 20 mL ice-cold 100 mM CacClz followed by centrifugation at 6000g for 10
minutes at 4 °C. This wash was repeated with 2 mL of ice-cold solution of 85% v/v 100
mM CaCl2 and 15% v/v glycerol. Finally, supernatant was decanted, and cells were
resuspended in 0.5 mL ice-cold solution of 85% v/v 100 mM CaClz and 15% v/v
glycerol. Competent cells were aliquoted (50 pl) onto pre-chilled microcentrifuge tubes
and stored at -80 °C freezer. The viability of the competent cells was confirmed after 24
hours of storage: one vial was thawed in ice and plated onto LB plates, which were
incubated at 37 °C, for 16 to 20h. The viability was confirmed by the presence of colonies

in the LBA plates.

Staphylococcus aureus electrocompetent cells

S. aureus RN4220 was selected because this isolate carries a mutation in the sau?1 hsdR
gene making it highly transformable and an ideal intermediate for successful
transformation of other S. aureus strains [202.203] S gyreus was streak from a frozen stock

onto TSA plates and incubated overnight (16 to 20 h) at 37 °C. Thereafter, one colony
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was inoculated in 10 mL TSB and incubated overnight (16 to 20 h) at 37 °C with agitation
at 160 rpm. The overnight culture was diluted to an optical density of ODs7s = 0.2, this
was obtained by diluting the overnight culture in a 1:20 ratio (5mL of culture into 95 mL
TSB media in a T75 flask) and incubated at 37°C under agitation at 160 rpm until they
reached an ODs7s = 0.6. Cultures were separated into Oakridge tubes and placed in ice
for 15 minutes. All subsequent steps were performed at 4 °C. The cells were harvested
(15000 g, 15 min, 4 °C) and supernatant discarded. Cells were washed with 20 mL of ice-
cold autoclaved water and centrifuged to pellet cells (15000 g, 15 min, 4 °C). Pellets were
then combined in one tube using 10 mL of autoclaved ice-water and centrifuged (15000
g, 15 min, 4 °C). Thereafter, cells were washed twice using 10 ml of ice-cold sterile 10%
(w/v) glycerol, followed by two washes with 2 ml and 1 ml of ice-cold sterile 10% (w/v)
glycerol, respectively. Cells were harvested by centrifugation (13000 g, 5 min, 4 °C). The
pellets were resuspended in 700 pl of ice-cold 10% (w/v) glycerol and aliquots of 70 pl
were frozen at —80 °C. This protocol was performed on different days for S. aureus
RN4220, S. aureus PS/BAC/169/17/W, S. aureus CBS 2016-05, and S. aureus RN6390

to avoid potential contamination.

2.2.2 Transformation of bacterial competent cells

Escherichia coli transformation with the heat shock method

E. coli competent cells were thawed on ice (~15 — 20 min) prior to the addition of 50 pg
to 100 ng of plasmid DNA (10 to 15 pl). Cells were then transferred to a heat block at
42°C for 45 seconds and immediately transferred back to ice and incubated for 2
minutes. LB (950 ul) was added to the transformation vials followed by incubation at 37°C

61



for 2h with agitation (250 rpm) to allow the cells to recover. Transformed cells were plated
on LB supplemented with appropriate antibiotic(s) and incubated under specific

conditions depending on specific experiments as described in subsequent sections.

Staphylococcus aureus transformation by electroporation

Electrocompetent cells were thawed on ice for ~5 min and then incubated at room
temperature for 10 minutes. Five hundred pl of filter-sterilized electroporation buffer (0.5M
sucrose in 10% glycerol) was added to the cells which were immediately centrifuged
(10000 rpm for 5 min). Upon centrifugation, the supernatant was discarded, and the pellet
was resuspended in 85 pl of filter-sterilized electroporation buffer. Plasmid DNA (1 — 2 pg
in 10 — 15 pyl) was added to the cells, which were then transferred to a 1 mm gap
electroporation cuvette (Bio-Rad) at room temperature, and pulsed three times at 23
kV/cm, 5ms (BTX 630, BTX or Xcell, GenePulsar I/ll, Biorad). Electroporated cells were
immediately transferred into 1 ml of TSB supplemented with filter-sterilized 0.5M sucrose
and incubated tilted (45°) at plasmid optimal growth temperatures (30 °C or 37 °C, see
below) for 2 h (160 rpm). Thereafter, 100 ul aliquots were spread onto TSB and
TSB+CM10 followed by incubation optimal growth temperatures depending on the

plasmid for a maximum of 48 h.

2.2.3 Mutagenesis of Staphylococcus aureus norB using CRISPR-Cas9

methodology

CRISPR-Cas9 is a genome-editing tool that allows precise modification into the DNA of

organisms. The system was designed to use guide RNA to direct the Cas9 enzyme to a
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specific sequence of the DNA, herein Cas9 makes a cut, permitting genes to be inserted,
mutated or modified 294, S. aureus PS/BAC/169/17/W was chosen to create a norB
mutant because the gene was highly upregulated in PC cultures of this strain compared
to TSB cultures (see transcriptome results in the next chapter). Concurrently, this isolate
had increased resistance to quinolones when grown in PCs (see MBC results in the next
chapter). Generating a S. aureus norB knockout mutant allows the investigation of norB’s
role in quinolone resistance and virulence, which was the focus of my studies.

Mutagenesis using the CRISPR technology and plasmid specific for S. aureus (pCasSA)
obtained from Addgene was used to create the norB knockout mutant in S. aureus
PS/BAC/169/17/W using a protocol recently optimized in the Ramirez’ lab (Figure 9) [®21,
CRISPR-Cas9 oligonucleotides including homologous recombination (HR) primers, small
guide RNA (sgRNA) spacers and verification primers were designed using the
PrimerQuest tool on IDT website (Appendix A7). PCR amplification and purification of the
HR fragments from S. aureus genomic DNA was performed, using the following protocol:
30 sec at 94°C; 30 cycles (30 sec at 94°C; 60 sec at 59 °C); 60 sec at 68°C), 5 min at
68°C and «~ at 94°C, followed by gel electrophorese in 1% agarose gel to verify the size
of each HR fragment. Parallelly, pCasSA plasmid DNA was extracted using a Miniprep kit
(Qiagen) followed by double digestion with Xbal and Xhol and purification with a PCR
purification kit (Qiagen) as per manufacturer’s instructions. HR fragments were cloned
into the digested pCasSA plasmid using NEBuider HiFi DNA Assembly Master Mix
(BioLabs) to obtain plasmid pHR. The new plasmid pHR was transformed into E. coli
DC10b and plated on LB+Kan50 for overnight incubation at 30 °C. Colonies grown on

LB+Kan50 plates were selected to determine the presence of pHR by colony PCR, using
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the following protocol: 3 min at 94°C; 30 cycles (30 sec at 94°C; 60 sec at 59 °C); 5 min
at 68°C), 5 min at 68°C and « at 94°C. PCR fragments were run in in 1% agarose gels to
verify the presence of pHR. Positive clones were cultured on LB+Kan50 plates and used
to prepare frozen socks. Thereafter, previously designed sgRNA spacers were
phosphorylated (to enhance stability and improve the efficiency), amplified and cloned
into pHR using the Golden Gate assembly kit (BioLabs) to obtain plasmid pHR-sgRNA.
E. coli DC10b was transformed with pHR-sgRNA. Transformants were plated onto
LB+Kan50 plates followed by overnight incubation. Confirmation of the presence of the
new pHR-sgRNA plasmid was done by colony PCR, using the following protocol: 3 min
at 94°C; 30 cycles (30 sec at 94°C; 60 sec at 59 °C); 5 min at 68°C), 5 min at 68°C and
hold at 4°C. PCR fragments were run in 1% agarose gels to verify the presence of pHR-
sgRNA. The new pHR-sgRNA plasmid was used to transform S. aureus RN4220
competent cells by electroporation. Transformants were confirmed by colony PCR, using
the following protocol: 10 min at 95°C; 30 cycles (30 sec at 95°C; 60 sec at 58 °C); 5 min
at 68°C), 5 min at 68°C and hold at 4°C, and cultured on TSB+CM10 plates at 30 °C for
up to 36 hours. pHR-sgRNA was isolated from S. aureus RN4220 using a Miniprep kit
(Qiagen) as per manufacturer's instructions to electroporate S. aureus

PS/BAC/169/17/W.
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Figure 9— CRISPR-Cas9 experimental protocol to create a norB mutant in Staphylococcus aureus
PS/BAC/169/17/W.

2.2.3.1 Plasmid incompatibility analysis

Construction of a norB deletion mutant using CRISPR-Cas9 was not successful despite
troubleshooting and several repetitions. Therefore, it was important to determine if there
was incompatibility between the 2,7 Kb plasmid carried by S. aureus
PS/BAC/169/17/WI'8] and pCasSA?%I that could compromise successful transformation
of the PS/BAC/169/17/W strain. If both plasmids belong to the same compatibility group
(i.e., have the same replicon and/or partitioning system), they cannot coexist in this strain.
The sequence of pCasSA plasmid origin of replication (ColE1) %] was aligned with
PS/BAC/169/17//\W using NCBI BLASTn to determine homology. Additionally, to
determine the presence of other incompatibility plasmid groups, replicon typing was
performed using PlasmidFinder version 2.1, Center for Genomic Epidemiology (CGE) at

the Technical University of Denmark (DTU) available at:
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https://www.google.com/search?q=https://cge.cbs.dtu.dk/services/PlasmidFinder/, last

accessed on November 12th, 2025 [206],

2.2.4 Mutagenesis of Staphylococcus aureus norB using allelic

recombination exchange

Construction of a norB deletion mutant using CRISPR-Cas9 was not successful despite
troubleshooting and several repetitions. | therefore attempted the construction of a norB
in-frame deletion mutant in S. aureus RN6390 by allelic recombination exchange using a
staphylococcal allelic exchange vector (pIMAY) obtained from Addgene (Appendix A7)
[203] " following the protocol optimized by Truong-Bolduc, et al (2022) %71, Upstream and
downstream sequences of norB were amplified from genomic DNA by overlay polymerase
chain reaction (PCR), the two fragments were ligated by overlay PCR (primers used for
this procedure are listed in Appendix A6). PCR products and plasmid pIMAY were double
digested with Kpnl and Sacl, ligated using a New England Biolabs ligation kit as per
manufacturer’s instructions to construct pIMAY-AnorB, and transformed into E. coli
DC10B by the heat shock method. Transformed cells were plated on LB+CM10 and
incubated at 37°C for 48 h. The presence of the pIMAY-AnorB was confirmed by colony
PCR, using the following protocol: 3 min at 94°C; 30 cycles (30 sec at 94°C; 60 sec at 57
°C); 5 min at 68°C), 5 min at 68°C and hold at 4°C. Plasmid pIMAY-AnorB was isolated
from E. coli using a Miniprep kit (Qiagen) as per manufacturer’s instructions, and
transformed into S. aureus RN4220 by electroporation. Confirmation of the presence of
pIMAY-AnorB was done by colony PCR, using the following protocol: 3 min at 94°C; 30
cycles (30 sec at 94°C; 60 sec at 57 °C); 5 min at 68°C), 5 min at 68°C and hold at 4°C.
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Transformed cells were plated on TSB+CM10 and incubated at 37°C for 48 h. Plasmid
pIMAY-AnorB was isolated from S. aureus RN4220 using a Miniprep kit (Qiagen) and

electroporated into S. aureus strain RN6390.

2.2.5 Overexpression of Staphylococcus aureus norB

As construction of a norB deletion mutant using CRISPR-Cas9 and allelic exchange was
unsuccessful, | undertook a different approach to test gene functionality and tried to
overexpress norB in the transfusion relevant strain S. aureus CBS2016-05. Primers of
norB and its promoter were amplified by PCR from S. aureus CBS2016-05, double
digested with BamHI and Kpnl, and cloned into the shuttle vector pSK5632 (Appendix
A7) 1298 resulting in the new 7.4 kb plasmid pSK::norBp. This plasmid was transformed
into E. coli DC10B, which was plated on LB+Kan50. Colonies containing the construct
were verified by colony PCR. Successful transformants were grown on LB+Kan50 for
plasmid extraction using a Miniprep kit (Qiagen) as per manual. S. aureus CBS2016-05
competent cells were electroporated with the vector pSK5632 and with pSK::norBp and

plated on TSA+Cm10 (Figure 10).
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Figure 10 — Protocol overview for overexpression of norB in Staphylococcus aureus CBS2016-
05.

Attempts to create a norB mutant or overexpress the gene in S. aureus were
unsuccessful. Therefore, to proceed with functional assays, | obtained three non-
transfusion relevant strains kindly provided by Dr. David Hooper (Harvard University),
which included wild-type S. aureus RN6390 and derivative norB and mgrA mutants (S.

aureus RN6390AnorB and S. aureus RN6390AmgrA, respectively) (Table 3).

2.3 Antibiotic resistance studies

These assays were performed for seven S. aureus isolates (four TRS, RN6390,
RN6390AnorB and RN6390AmgrA, Table 3) to assess bacterial resistance to the
quinolones ciprofloxacin and norfloxacin. S. aureus ATCC 29213 was used as a control
for Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration

(MBC) assays.
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2.3.1 Minimum Inhibitory Concentration (MIC)

MIC values were determined according to the microdilution broth method described in
Clinical Laboratory Standards Institute (CLSI) guidelines [, Stock solutions of
ciprofloxacin and norfloxacin were prepared as per manufacturers’ specifications.
Bacterial colonies were re-suspended in MHB®* to 0.5 Densimat, which corresponds to
approximately 1 x 108 CFU/mL, and then diluted to a bacterial load of approximately 2 x
10% CFU/mL. Bacterial suspensions were distributed into a 96-well plate within 15 min of
preparation. The 96-well plates were loaded as follows: wells of the outer rows and
columns were filled with 200 puL of MHB®* and the internal wells were filled with 100 pL
of serially diluted antibiotics in MHB¢®* to obtain antibiotic concentration gradients across
the plates. Antibiotics were added in double concentration since they were diluted 2-fold
once the bacterial suspensions were added (e.g., stock solution of 512 ug/mL to ensure
a final concentration of 256 ug/mL in the well). Following antibiotic dispensing, 100 uL of
the bacterial suspensions were added to each well and were thoroughly mixed. The top
only had unspiked MHB¢®* (negative control) while the last row was filled with the bacterial
suspension without antibiotics (positive control). Plates were incubated for 24 h at 37 °C.
After incubation, well absorbance (ODsoo) was recorded using a plate reader and MIC
values were determined as the lowest concentration of the antibiotic inhibiting bacterial

growth.

2.3.2 Minimal Bactericidal Concentration (MBC)

The MBC protocol use was optimized in collaboration with Dr. Thien-Fah Mah’s

(University of Ottawa) 219, MBC was performed as follow, a 2-fold antibiotic gradient was
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prepared and 50 pyL was pre-loaded onto 48-well plates, overnight bacterial cultures were
adjusted to 0.5 Densimat and inoculated in TSB or PCs to approximately 5.5 x 10°
CFU/mL, and 450 uL of culture was loaded onto the 48-well plates previously coated with
an antibiotic and incubated. Plates seeded with inoculated TSB were incubated at optimal
conditions for bacterial growth (37 °C, for 24 h without agitation) and plates seeded with
PCs were incubated at PC conditions (22 + 2 °C, for 5 days with constant agitation). After
incubation, samples from each well were spotted in TSA (~3.5 uL/spot) and incubated
overnight at 37 °C. The presence or absence of bacterial growth was recorded to

establish the MBC value.

2.4 Silkworm Rearing

Silkworm assays were established to study the role of NorB in S. aureus virulence
following recently optimized protocols in the Ramirez’ lab 59, Briefly, B. mori eggs were
acquired from Coastal Silkworms (Jacksonville, FL USA) and were kept at room
temperature until hatched. Silkworm larvae were fed on commercially bought de-hydrated
silkworm chow (coastal silk) supplemented with 300 mg of vancomycin/Kg upon re-
hydration. Fifth in-star larvae (day 1 and 2 post molt) were fed food free of vancomycin

for a minimum of 24 h prior to use in downstream assays.

2.4.1 Determination of Lethal Dose 50 (LD50)

S. aureus isolates were grown overnight aerobically at 37 °C with agitation in TSB media.

The bacterial load required to kill 50% of the silkworm test population (LDso) was
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determined as recently described ['%9. Briefly, overnight cultures were centrifuged, and
the pellets were resuspended in insect saline (0.6% NaCl). TSB cultures of S. aureus
were centrifuged, the supernatants were discarded, and bacterial pellets were
resuspended in insect saline as per the protocol previously optimized at the Ramirez Lab
[159], The injection of TSB into silkworm larvae induces melanization and larvae lethargy
and therefore media must be removed from the bacterial pellets prior to larvae injections
to avoid false positive results. Suspensions were serially diluted (ten-fold) and inoculated
into the haemolymph of silkworm larvae (30 ul/10 larvae/dilution). Bacterial load of each
suspension was determined by plating on TSA plates followed by incubation at 37 °C for
24 h and colony counting. Silkworm larvae were incubated at 37 °C for three days (72 h)
and inspected daily to assess larval survival and death (no movement when nudged with

a pipette tip). Insect saline served as control; LDso studies were performed in triplicate.

2.4.2 Virulence studies with PC- and media-derived Staphylococcus

aureus

Frozen enumerated stocks of S. aureus isolates (RN6390, RN6390AnorB and
RN6390AmgrA) were thawed on ice and serially diluted to reach ~300CFU/ml. TSB and
PCs (30 ml) were dispensed in T25 flasks, which were inoculated with 100ul of the serially
diluted cultures to obtain a bacterial load of ~1 CFU/ml and incubated at PC storage
conditions (22 +2 °C, 60 rpm, for 5 days). As described above, TSB-grown S. aureus
cultures were centrifuged at 10,000 rpm for 5min at 4°C, after which the supernatants

were discarded, and the pellets were gently resuspended with the same volume of sterile
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insect saline (0.6% NaCl). TSB and PC samples were diluted with saline or unspiked PCs
respectively to reach bacterial loads matching the previously established LDso. Fifth in-
star larvae were fed antibiotic free chow for a minimum of 24 h and groups of 10 larvae/
sample were injected with 30 ul of bacterial suspensions. Control groups were injected
with un-spiked PCs or 0.6% NaCl. Larvae were incubated at 37°C and inspected daily
(for a total of 72 h) to assess larval survival and death, and record mortality (no movement
when nudged with a pipette tip). These experiments were performed at least three

independent times.

2.5 Statistical Analyses

Statistical analysis of the RNA-seq data was performed in R, while statistical comparisons
of biofilm formation, antibiotic resistance assays, and silkworm experiments were
obtained using GraphPad Prism (version 9.0.0) software. The statistical method used in
each analysis is indicated in the figure legends. Values were expressed as mean + SE

and a p-value of <0.05 was considered statistically significant.
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3. Results

As a disclaimer, part of the work presented in this chapter has been published in the
journal Antibiotics (MDPI), in which | am the first author ['l. Dr. Sandra Ramirez-Arcos was
involved in data analysis and interpretation, and in editing the published manuscript.
Biochemical assays for bacterial identification were performed by Mr. Yuntong Kou, M.Sc.
(Senior Development Assistant in the Ramirez’ lab). Growth curve data in TSB and PCs
for S. aureus CBS2016-05 and PS/BAC/317/16/W were produced by post-doctoral
fellows Dr. Sylvia Ighem Chi and Dr. Basit Yousuf. Biofilm formation results for S. aureus
CBS2016-05 and PS/BAC/317/16/W in PCs was obtained by Dr. Basit Yousuf. Growth
curves and biofilm formation results from other team members were included in this
chapter for comparative purposes. Statistical analysis was performed with Dr. John Blake

(Canadian Blood Services) guidance.
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3.1 Phenotypic characterization of Staphylococcus aureus

isolates

3.1.1 Microscopic characterization

Gram staining of the four TRS S. aureus (CBS2016-05, CI/BAC/25/13/W,
PS/BAC/169/17/W and PS/BAC/317/16/W) and three S. aureus laboratory strains (wild-
type RN6390, and derivative mutants RN6390AnorB and RN6390AmgrA), showed the
expected Gram-positive cocci shape forming grape-like clusters for all isolates (Figure 11,
Table 10). These results merit further investigation using electron microscopy to
investigate possible morphological changes such as modifications of the cell surface due

to the deletion of norB or mgrA.

CBS2016-05 CI/BAC/25/13/W PS/BAC/169/17/W PS/BAC/317/16/W

) ] ]
s W
RN6390 “wild type” RN6390An0rB RN6390AmgrA
. . T
'ad

“ e« Yy

"

~ﬁ .

’

Figure 11- Gram staining of TRS and laboratory Staphylococcus aureus isolates. Gram-stained
isolates showing purple-colored cocci clusters visualized using oil immersion at 1000x
magnification.
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3.1.2 Macroscopic characterization

All TRS and laboratory S. aureus isolates cultured on TSA formed round smooth, convex,
and opaque colonies, with pigmentation varying from light yellow to bright yellow
indicating different levels of staphyloxanthin production (Table 10, Appendix A3) Under
identical growth conditions, S. aureus RN6390, RN6390AnorB and RN6390AmgrA
produced colonies with similar morphology compared to the TRS, and no difference in

colony size between the wild-type and mutant strains.

3.1.3 Hemolysis characterization and biochemical identification

On BA plates, most isolates exhibited -hemolysis, except for strain PS/BAC/169/17/W,
which was non-hemolytic (8-hemolysis) (Table 10, Appendix A3).

Bacterial identification based on biochemical and metabolic tests using the VITEK 2
system confirmed that all isolates were S. aureus, with confidence levels ranging from

good to excellent identification (89% - 99%) (Table 10).
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Table 10 — Phenotypic classification of Staphylococcus aureus TRS, and S. aureus RN6390,
RN6390AnorB and RN6390AmgrA. S. aureus ATCC 29213 was included as a reference strain.

S. aureus Microscopic . Colon_y Hemolysis Biochemical
Isolate morphology pigmentation on on BA plates identification
TSA plates
Gram-positive
ZAJ;C:; Gr:sgj:ke Light yellow B-hemolysis Exgg(l)l/:)a nt
arrangement
Gram-positive
CBS()25016 Gr:sgj:ke Light yellow B-hemolysis c;ng
arrangement
Gram-positive
ggﬁ‘:/c‘;’vl Gr:s:j:ke Bright Yellow  B-hemolysis Exggff”t
arrangement
Gram-positive
::59//3?/3\// Gr:s:_cl:ke Bright Yellow  5-hemolysis C;gf,f
arrangement
Gram-positive
: 187/;::/3\// Gr:sgj:ke Bright Yellow  B-hemolysis Vergﬁ/f"d
arrangement
Gram-positive
RN6390 Gr(a:sgj:ke Light yellow B-hemolysis C;g(;():l
arrangement
Gram-positive
RN6390 Cocci Light yellow B-hemolysis Excellent
AnorB Grape-like 99%
arrangement
Gram-positive
RN6390 Cocci Light yellow B-hemolysis Good
AmgrA Grape-like 92%
arrangement
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3.1.4 Staphylococcus aureus growth curves in TSB

All TRS started at approximately 4 x 108 CFU/mL in TSB cultures. A clear lag phase of 2
hours was observed for strain CBS2016-05, while strains PS/BAC/317/16/W,
CI/BAC/25/13/W and PS/BAC/169/17/W did not present a typical lag phase (Figure 12A).
Overall, all isolates displayed rapid exponential growth under optimal nutrient and
temperature conditions, however the growth pattern varied among strains.
PS/BAC/169/17/W and CI/BAC/25/13/W demonstrated faster growth, achieving high cell
densities (~1.13 x 10" CFU/mL and ~1.37 x 10'? CFU/mL, respectively) by 10-12 hours,
whereas PS/BAC/317/16/W showed moderate growth and CBS 2016-05 grew slower,
reaching lower final CFU (~5.10 x 10° CFU/mL and ~2.25 x 10° CFU/mL, respectively) .
These kinetic patterns reflect differences in intrinsic metabolic fithess under the laboratory
conditions. Additionally, growth kinetics of each TRS was analysed by determining their
slope (growth rate) and doubling time (Table 11). This analysis revealed that S. aureus
CI/BAC/25/13/W grew faster, with highest growth rate of 1.08/hour, and corresponding
doubling time of 0.64 hours. Conversely, PS/BAC/169/17/W and CBS2016-05 grew at
slower rates of 0.60/hour and 0.65/hour, respectively, and doubling times higher than one
hour. The PS/BAC/317/16/W strain presented a growth rate and doubling time between
the other strains (0.83/hour and 0.84 hours, respectively). Overall, the comparison of
slopes and doubling time demonstrate that S. aureus CI/BAC/25/13/W was the isolate
presenting faster growth in laboratory media, followed by PS/BAC/317/16/W, CBS2016-
05 and PS/BAC/169/17/W. Statical comparison of slope (growth rate) among isolates
grown in TSB did not showed significance, indicating no difference in the isolates growth

in this media (Table 11).
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Although the initial inocula of S. aureus RN6390, S. aureus RN6390AnorB S. aureus
RN6390AmgrA was adjusted to ODsoo = 0.002, colony counts showed that the RN6390
and RN6390AnorB isolates started at a bacterial load of ~ 105 CFU/mL while the initial
inoculum of S. aureus RN6390AmgrA was ~ 108 CFU/mL (Figure 13A). The three isolates
showed similar growth patterns, displaying rapid growth and reaching comparable final
CFU loads (RN6390 ~3.35 x 10° CFU/mL, RN6390AnorB ~3.60 x 10° CFU/mL and
RN6390AmgrA ~2.97 x 10° CFU/mL) by 12 hours indicating start of stationary growth
phase. Although RN6390AnorB showed an increase at around ~6 hours, this difference
diminished as each isolate culture approached stationary phase. Despite starting 1-log
higher, the RN6390AmgrA mutant reached similar counts (~9.50 x 108 CFU/mL) around
8 hours of incubation, converging with the wild type and the RN6390AnorB strains (~ 7.33
x 108 and ~1.23x 108, CFU/mL, respectively). These results indicate that under nutrient-
rich, optimal conditions, deletion of mgrA or norB does not impact bacterial proliferation.
Growth rate analysis of these three strains showed that RN6390 displayed a growth rate
of 0.65/hour comparable to CBS2016-05 (Table 11). The mutants RN6390AnorB and
RN6390AmgrA grew at comparable rates of 0.50/hour and 0.56/hour, respectively, which
were slightly lower than that of the wild-type strain (0.65/hour). Doubling times for wild-
type RN6390 was correspondingly slightly lower in S. aureus RN6390 (1.07 hours)
compared to mutants RN630AnorB and RN6390AmgrA strains (1.38 hours and 1.24
hours, respectively, Table 11). Similarly to the TRS, the statistical comparison of slopes
(growth rate) among these isolates grown in TSB did not show statistical differences (p >

0.05, Table 11).
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3.1.5 Staphylococcus aureus growth curves in PCs

In PC-cultures, all strains exhibited reduced growth rates in comparison to TSB consistent
with the reduced temperature, nutrient limitations, and host immune factors present in
PCs. This has been previously observed in the Ramirez’ lab. The TRS started at
approximately 4 x 108 CFU/mL and grew at the different rates (Figure 12B). In this milieu,
CI/BAC/25/13/W achieved higher CFU/mL loads at 24 hours (>10° CFU/mL), whereas
the other isolates grew to lower bacterial loads, particularly PS/BAC/169/17/W that reach
a final bacterial load of ~ 3.57 x 108 CFU/mL at 144h, showing different adaptation abilities
to PC-associated stresses among TRS isolates. Growth curves depict a clear difference
of S. aureus CI/BAC/25/13/W with faster growth rate 0.07/h and doubling time 10.19
hours, Table 11) compared to the other three isolates, which showed slower growth rates,
ranging from 0.03 to 0.06/hour and extended doubling times ranging from 10.97 to 21.08
hours (Figure 12B ang Table 11). Interestingly, PS/BAC/169/17/W presented the lowest
growth rate (0.03/hour) and the longest doubling time (21.08 hours) indicating that the PC
environment affects growth ability of S. aureus in a strain-dependent manner. Statistically
significant differences were observed between strain CI/BAC/25/13/W and
PS/BAC/169/17/W (p = 0.003) and PC/BAC/317/16/W (p = 0.008) (Table 11), confirming
differential growth pattern of these strains in PCs

Comparison of growth rates in PC cultures all isolates displayed a prolonged lag phase
that may be attributed to nutrient limitation, lower temperature, and stressors inherent to
PCs. Wild-type S. aureus RN6390 and RN6390AnorB showed similar growth kinetics
(Figure 13B). The wild-type strain increased steadily and reached the highest counts

(~8.47 x 10" CFU/mL) by 96-144 hours, reflecting its effective adaptation to the PC
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environment. The RN6390AnorB mutant showed impaired growth, particularly in the first
72 hours, suggesting that the NorB efflux pump contributes to early adaptation by
exporting antimicrobial or toxic compounds present in PCs. In contrast, RN6390AmgrA
demonstrated a consistently reduced growth rate throughout the experiment, with lower
colony counts during early and mid-log phases. Both S. aureus RN6390 and
RN6390AnorB strains had the same growth rate of 0.08/h and similar doubling times (8.73
and 8.30 hours for S. aureus RN6390 and RN6390AnorB, respectively), while
RN6390AmgrA depicted a higher growth rate of 0.15/hour and shorter doubling time (4.56
hours) than the two other strains (Table 11). Despite these differences, the growth curves
of the three strains overlap (except at the 72h sampling point) indicating no differences in
growth between the three strains when grown in PCs. This attenuation supports the role
of MgrA as a global regulator of stress responses, efflux systems, and virulence factors
that collectively enhance survival in hostile environments. Although both mutants
RN6390AnorB and RN6390AmgrA eventually approached wild-type bacterial load levels
(~1.01 x 108 CFU/mL and ~1.32 x 108 CFU/mL, respectively) at 144 hours, the delayed
growth emphasizes that mgrA and norB play important roles in optimizing bacterial fitness
in blood-derived products. The statistical comparison of slopes (growth rate) among these

isolates grown in PCs did not show statistical differences (p > 0.05, Table 11).

80



13 1
191 TSB (37 °C; 160 rpm) . 1
11 +
10+
D 94
Q
287
—
7T —e—CBS 2016-05
6 —e—CI/BAC/25/13/W
—o—PS/BAC/317/16/W
ST PS/IBAC/169/17/W
4 ; ; ; ; ; i
0 2 4 6 8 10 12
Time (H)
B.
12 1 o o
PCs (20-24 °C; agitation)
1 +
10 +
D9t
Q
g 8 |
—
7 —e—CBS 2016-05
—e—CI/BAC/25/13/W
6 T+ —o—PS/BAC/317/16/W
: PS/IBAC/169/17/W
5} ; ; ; ; ; ;
0 24 48 72 96 120 144

Time (H)

Figure 12- Growth curve studies of TRS Staphylococcus aureus strains A. TSB (37 °C, 160rpm)
and B. PCs (22 + 2 °C, 60rpm). Results are presented as a mean of 3 independent trials. Error

bars with standard deviation +SD.
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Figure 13- Growth curve studies of Staphylococcus aureus RN6390 and RN6390AnorB and
RN6390AmgrA. A. TSB (37 °C, 160rpm) and B. PCs (22 £ 2 °C, 60rpm). Results are presented
as a mean of 3 independent trials. Error bars with standard deviation +SD. Figure 13B from paper
by Paredes et al (2025) ["!, copyrights approval to reproduce the figure available in page xv.
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Table 11 — Summary of Growth rate (slope) and Doubling time parameters (including 95% Confidence Interval) derived from growth

curves analysed "%, Slope statistical comparison was performed using an unpaired t-test. “wt” — wild type.

Log phase Strain CBS CI/IBAC/ PS/BAC/ PS/BAC/ RN6390 RN6390 RN6390
2016-05 2513/W  169/17/W  317/16/W “wt” AnorB AmgrA
TSB Growth rate 0.65 1.08 0.60 0.83 0.65 0.50 0.56
Log(CFU/mL)/h
Doubling Time 1.07 0.64 1.15 0.84 1.07 1.38 1.24
(hours)
PCs Growth rate 0.06 0.07 0.03 0.05 0.08 0.08 0.15
Log(CFU/mL)/h
Doubling Time 10.97 10.19 21.08 13.15 8.73 8.30 4.56
(hours)
Slope statistical comparison: Unpaired t-test
CBSvs Cl/i25 CBSvs CBS vs Cl25vs Cl25 vs PS/169 vs RN6390 RN6390 RN6390
PS/317 PS/317 PS/169 PS/317 PS/317 [“Wt’ vs [“Wt” vs [AmgrA vs
AmgrA] AnorB] AnorB]
TSB 0.427 0.198 0.198 0.474 0.275 0.233 0.159 0.216 0.712
PCs 0.216 0.628 0.628 0.003 0.008 0.177 0.648 0.804 0.564
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3.1.6 Staphylococcus aureus biofilm formation in TSB and PCs

Biofilm formation results of the seven S. aureus strains, including four TRS, S. aureus
RN6390 and RN6390AnorB and RN6390AmgrA, are presented in Figure 14 and Table
12. Formation of biofilms was evaluated using a semi-quantitative crystal violet assay and
strains were categorized as strong, moderate or weak biofilm formers based on the

intensity of crystal violet staining compared to unspiked samples (negative controls).

Biofilm formation assays in TSBg showed that S. aureus CI/BAC/25/13/W is a weak
biofilm former, whereas the other three TRS and the RN6390 isolates formed strong

biofilms (Figure 14A, Table 12).

As expected, based on previous work in the Ramirez’ lab 3435 all S. aureus strains
formed biofilms in PCs. S. aureus CI/BAC/25/13/W is a moderate biofilm former in this
milieu, while the other three TRS and the RN6390 isolates are strong biofilm formers
(Figure 14B, Table 12). Statistical analysis showed that the formation of biofilms is
significantly higher in PCs compared to TSB (p<0.05, Table 6) for all strains except for
PS/BAC/169/17/W (p=0.189673, Table 12). The variability in the biofilm formation data
obtained in S. aureus grown in PCs compared to TSB can be attributed to blood donor

variability.
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Figure 14 — Biofilm formation by Staphylococcus aureus. A. in TSB, B. in PCs. Unspiked TSBg
and PCs were used as a negative control for biofilm formation. S. aureus ATCC 25925 served as
positive control for biofilm formation and for comparison in the statistical analysis. Results
performed in n23 independent trials with each assay performed in duplicate. Error bars with
standard deviation £SE, Statistical analysis performed using a student t-test. ns: Not significant;
*: p<.05; **: p<.01.
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Table 12 — Biofilm formation assay results for all isolates in TSB and PCs, biofilm capability

classification and statistical com parison (PCs vs TSB).

TSB PCs
Strains OD492 Classification OD492 Classification
ATCC
0.909 +0.1804 Strong 3.930 £1.9466 Strong
25923
CBS
1.019 £0.0149 Strong 3.752 £+0.1137 Strong
2016-06
CI/BAC/
0.036 £0.0022 Weak 0.378 £0.0454 Moderate
25/13/W
PS/BAC/
0.590 +£0.0433 Strong 2.866 £2.4975 Strong
169/17/W
PS/BAC/
0.899 +0.0607 Strong 3.292 +£0.9147 Strong
317/16/W
RN6390
. 0.797 +0.0299 Strong 4.563 +1.0330 Strong
“wild type”
RN6390
0.904 +0.0344 Strong 2.881 +£0.4082 Strong
AnorB
RN6390
0.464 +0.0267 Strong 3.004 £0.5779 Strong
AmgrA
Comparison of biofilm formation in TSB versus PCs
Strai ATCC CBS CI/BAC/  PS/BAC/ PS/BAC/ RN6390 RN6390 RN6390
rain

" '|d
25923 2016-06  25/13/W  169/17/W  317/16/W tWI . AnorB AmgrA
ype

2.449 5.301

P value 0.0473 0.189673 0.01588  0.0032 0.0011 0.0016
E-05 E-05
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3.1.7 Comparative genomic analyses of Staphylococcus aureus

strains

Genomic comparison between the TRS and S. aureus RN639036 was performed, and
genome characteristics of the isolates are described in Table 13. Genome size is within
the reported range size for S. aureus (2.5 to 2.9 Mbp) 631, with the genome of isolate
PS/BAC/317/16/W being the smallest (2,665,983 bp) and the genome of the CBS 2016-
05 strain being the largest (2,766,936 bp) among all isolates. Other features such as GC
content (%), CDS (2392 — 2741), rRNAs (19), tRNA (58 — 60) and ncRNA (4) were also

similar among isolates.
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Table 13 — Overview of Staphylococcus aureus genome features of all isolates in study. Table

retrieved from paper by Paredes et al (2025) !"!, copyrights approval to reproduce the table

available in page xv.

CBS CUBAC/  PSIBAC/  PSBBAC/ . .
201605  25M3/W  16917/W  317/16/W
Accession
NZ_CP070991 NZ_CP071102 NZ_CP071100 NZ_CP071104 NZ_CP090001
number
Origin PC Laboratory
Ge”?:; SIZ€ 5766936 2719347 2753746 2.665983 2,740,225
Genes (total) 2,823 2715 2,739 2,609 2,717
GC E’:/’r)'te”t 32.87 32.88 32.85 32.93 32.90
(o]
CDSs 2,741 2.629 2,658 2,392 2,635
RNA 19 19 19 19 19
tRNA 59 60 58 58 59
ncRNA 4 4 4 4 4
Reference [186] (187] [188] [189] [190]

Multiple genome analysis using the Mauve Progressive algorithm showed a similar

chromosome architecture of the five S. aureus strains which features eleven co-linear

genomic blocks that exhibit similar genome rearrangements (Figure 15).

S. aureus RN6390 presents an inversion in its genome consistent with prophage phage

SAP40 — 6390, as previously reported 1'%, Additionally, this strain has a 11-bp deletion

in the rsbU gene (Appendix A4) which encodes for the RsbU phosphatase that forms part

of the sigma B regulon-'®9, In contrast, the four TRS carry a wild-type copy of rsbU.
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Figure 15 — Multiple genome alignment of Staphylococcus aureus TRS and Staphylococcus aureus RN6390 using Mauve progressive

algorithm. Local collinear blocks are identical in color and represent homologous DNA regions. The scale (base pairs) refers to the
genome position. Genome of the TRS Staphylococcus aureus CBS2016-05 served as the reference strain U'l. Figure retrieved from

paper by Paredes et al (2025), copyrights approval to reproduce the figure available in page xv.
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3.1.8 Staphylococcus norB genomic analysis

Genomic analysis of the norB gene in the five S. aureus isolates used in this study showed
that the gene is 1,392 bp long. In all isolates, norB is part of a gene cluster that includes
three upstream genes that encode for an alanine dehydrogenase, a threonine deaminase
and an aa permease (Figure 16). The norB gene is separated from these three genes by
a 158 bp intergenic region. Downstream of norB, there is a 398 bp intergenic region and
then a gene encoding for an extracellular matrix binding protein, which is transcribed in
the opposite orientation (Figure 16). Bioinformatic analysis of this gene cluster indicates

that norB is transcribed independently and does not seem to be part of an operon.

Alanine aa Extracellular matrix
dehydrogenase permease binding adhesin
Threonine E ' 1392 bp E E
deaminase I— |
158 bp 398 bp

Figure 16 — Schematic representation of the orientation of Staphylococcus aureus norB and

neighboring ORFs. Image prepared with Biorender.

3.1.9 Comparative analysis of virulence genes in Staphylococcus

aureus genomes

Comparative genomic analyses of the four S. aureus TRS and RN6390, display a similar
virulome profile; the isolates carry 60 to 75 genes encoding virulence factors involved in

cell adherence, immune modulation, biofilm formation, enzymes and exotoxins as
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illustrated in Figure 17 and Appendix A8. Additionally, the isolates carry several genes
encoding for virulence regulators such as two component systems that were manually

identified in each bacterial genome (Appendix A9).

S. aureus RN6390
S. aureus PS/BAC/317/16/W
S. aureus PS/BAC/169/17/W

S. aureus CI/BAC/25/13W

S. aureus CBS2016-05

O -

10 20 30 40 50 60 70 80
S aureus S. aureus S. aureus S. aureus S. aureus
y CI/BAC/25/13/ PS/BAC/169/1 PS/BAC/317/1 .
CBS2016-05 W ZIW 6/W RN6390
m Adherence 9 10 9 12 9
m Secretion System 6 7 7 7 12
m Biofilm 5 5 5 5 5
m Exotoxins 31 29 18 23 23
®m Enzymes 9 15 11 14 15
m Immuno modulatory 10 9 10 10 8

Figure 17 — Virulence factors category and number of genes detected in Staphylococcus aureus
(four TRS — CBS 2016-05, CI/BAC/25/13/W, PS/BAC/169/17/W and PS/BAC/317/16/W, and S.
aureus RN6390 using VFDB-VFanalyzer9 data base.
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3.1.9.1 Staphylococcus aureus genes involved in adherence and biofilm
formation

Genes encoding for proteins involved in adherence, such as eap, fnbA, sdrC (encode for
binding proteins - Eap: extracellular adherence protein; FnBPA: fibronectin-binding
protein A; SdrC: serine-aspartate repeat protein family, respectively), clfA, clfB (encode
for clumping factors CIfA and CIfB: cell wall-anchored proteins), spa (encodes for protein
A), coa (encodes for staphylocoagulase) and all isolates carry over 14 genes involved in
capsular biosynthesis.. However, presence of the fnbB, sdrD, and sdrG genes which
encode for fibronectin-binding protein B (FnBPB), serine-aspartate repeat protein D
(SdrD), and serine-aspartate repeat protein (SdrG), respectively, varied amount the
strains. Moreover, biofilm genes of the icaABCD operon and repressor (icaR), which are
associated with synthesis of the polysaccharide intercellular adhesin (PIA), are conserved

in all isolates.

3.1.9.2 Staphylococcus aureus genes encoding toxins

Genes encoding for hemolysins, hla (a-hemolysin), hld (d-hemolysin), and hlg (g-
hemolysin), were found in all genomes using the VFDB tool. Although the gene hlb
(encodes for B-hemolysin) was not identified as a virulence gene by the VFDB, manual
search (wild-type gene blast against each genome) revealed the presence of the gene in
all genomes ['1, As shown in Appendix A3 and Table 10, all strains, with the exception

of PS/BAC/169/17/W, presented B-hemolysis. Expression of different hemolysins within
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isolates may vary depending on environmental conditions and isolate origin (e.g., hla
expression is higher in CA-MRSA strains compared HA-MRSA) [211.212],

Genes encoding for other exotoxins, including Panton-Valentine leucocidin (lukD, IukG)
and enterotoxin SelX (selx) were found in all TRS while RN6390 lacks the /lukG gene.
Genes encoding for enterotoxins such as seg, sei and seo were present in S. aureus CBS
2016-05 and PS/BAC/169/17/W, and absent in the other isolates. Interesting, S. aureus
RN6390 does not carry enterotoxin genes but carries enterotoxin-like ss/71 to ss/9 genes.
The operon crtM-Q, which encodes for staphyloxanthin production is present in all
isolates. Transcriptome data reveals upregulation only in S. aureus CBS2016-05[34.186]
(Appendix 10), which is validated by the difference in the tone of yellow colony

pigmentation among isolates (Appendix A3)i39.

3.1.9.3 Staphylococcus aureus genes encoding enzymes

The presence of genes encoding for enzymes varied among the genomes. For instance,
the cysteine protease operon (sspABC) was present in all isolates while the
staphylokinase (sak) gene was absent in strains PS/BAC/169/17/W and PS/BAC/317/W.
Furthermore, the operon encoding for serine protease-like proteins (sp/ABCDEF) was
found in S. aureus CI/BAC/25/13/W, PS/BAC/317/16/W and RN6390, while three genes
of this operon (sp/ABD) were not present in the PS/BAC/169/17/W isolate. Also, the full

operon was absent from S. aureus CBS2016-05.
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3.1.9.4 Staphylococcus aureus genes encoding antibiotic resistance
genes

The resistome of the five S. aureus strains has a comparable number of antimicrobial
resistance genes (~ 25 genes / isolate) coding for efflux pumps, enzymatic inactivation,
target alteration and target protection (Appendix A11).

All genomes carry the same genes encoding for efflux of the Major Facilitator Superfamily,
ATP-Binding Cassette, Small Multidrug Resistance, Multidrug and Toxic Compound
Extrusion, and Resistance-Nodulation-Division.

Genes involved in enzymatic inactivation of antibiotics were identified in some of the
isolates, for instance the gene blaZ (involved in B-lactam resistance) was present in three
out of the five isolates (CBS2016-05, PS/BAC/169/17/W and PS/BAC/317/16/W) and
fosB (involved in fosfomycin resistance) was absent in CBS2016-05. Genes involved in
the resistance to aminoglycosides and macrolide antibiotics were not identified. Genes
encoding for enzymes responsible for target modification, glpT and murA (involved in
fosfomycin resistance), fusA (involved in fusidic acid resistance), mecA (involved in
methicillin resistance), gyrA, gyrB and parC (involved in quinolone resistance) were
present in all isolates. Additionally, manual search (gene and protein blast analyses)
revealed the presence of the parE gene in all genomes. Sequence alignments of the
GyrA, GyrB, ParC and ParE proteins showed amino acid changes within the different S.
aureus isolates (Appendix A5), which could potentially affect protein function and be
related to changes in quinolone resistance. The gene msrA (involved in erythromycin

resistance) encoding for target protection was found in all genomes. Additionally,
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regulators involved in the expression of resistance mechanisms (arlR, arlS, mgrA, sdrM,

Imrs) were found in all isolates.

3.2 Global Comparative transcriptome analysis of
Staphylococcus aureus TRS grown in PCs and TSB

A global transcriptome analysis of the TRS comparing S. aureus grown in PCs versus
TSB was previously conducted in the Ramirez’ lab with focus on metabolic and virulence
genes (Appendix 10). For instance, transcriptome data revealed upregulation of genes
encoding for surface adhesion factors like clfA (clumping factor A), spA (Protein A), and
the capsule biosynthesis operon (capA-H), which facilitates adhesion to platelets, immune
evasion, and biofilm formation, which are critical for survival and proliferation in PCs
[39.6367] These transcriptional changes demonstrate S. aureus’ capability to adapt to the
PC storage environment, enhancing its virulence, its ability to escape detection, and being
able to cause severe septic transfusion reactions as exemplified by the transfusion event

involving S. aureus CBS 2016-05 34,

3.2.1 Transcriptome analysis of antibiotic resistance genes in

Staphylococcus aureus

My work complemented previous studies by expanding the transcriptome analysis to
antibiotic resistance genes. Differential expression of virulence factors between

staphylococci grown in PCs and media have shown that genes involved in antibiotic
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resistance are upregulated in PC-grown S. epidermidis 1231, and therefore we tested
whether a similar phenotype was observed in S. aureus. The comparative transcriptome
analyses revealed differentially expressed genes involved in various mechanisms of
resistance to antibiotics, including the Major Facilitator Superfamily, the Multidrug and
toxin extrusion family, ATP-binding cassette superfamily, and genes encoding for
enzymes that modify the cellular targets of antibiotics and enzymes that modify or

metabolize antimicrobial drugs (Figure 18 ).

5
Efflux Pumps norA -0.55 -1.26 nde -1.22 —|
norB 197 283 471 1.23
Major facilitator superfamily norC - nde nde nde nde
mdeA nde -129 0.37 -1.46
ImrS 124 250 2077 -0.62
10
Multidrug and toxin extrusion family ~ mepA -0.82 0.67 0.40 -1.56
mshbA 0.63 0.40 -1.42 nde
bmrA - -2.29 -0.46 -0.88 -3.17
ABC - ATP-binding cassette superfamily — srA nde -1.02 0.40 -1.62
yhes nde nde 0.51 nde
-5
sgpA -0.87 -0.89 -. nde
Enzymes o rsmA - —0.94 nde 0.98 nde
Target modification
rlmH 0.57 nde nde -1.53
Drug modifying and/or metabolizing enzymes ~ rufB -0.37 0.50 nde 1.70
CBS ClI25 PS169 PS317

Figure 18 — Heatmap of Staphylococcus aureus differentially expressed genes encoding antibiotic
resistance mechanisms (PCs vs. TSB) [CBS: CBS2016-05, CI25: CI/BAC/25/13/W; PS169:
PS/BAC/169/17/W and PS317: PS/BAC/317/16/W]. Red represents upregulated genes and blue
represents downregulated genes. nde: Not differentially expressed. Heatmap prepared with
GraphPad Prism (version 9.0.0). Figure retrieved from paper by Paredes et al (2025) !"!, copyrights

approval to reproduce the figure available in page xv.
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The norB gene was the only one that was upregulated in the four TRS with a significant
log2 fold change ranging from 1.23 to 4.71 when S. aureus was grown in PCs compared
to TSB (Figure 18). However, the other efflux pump genes of the nor family, norA and
norC, were either downregulated or not differentially expressed (i.e., log2 fold change =
0) in PC-grown TRS compared to TSB cultures (Figure 18). The norB gene encodes for
the efflux pump NorB, which is involved in quinolone resistance and is negatively
regulated by MgrA [135.136.1401  Transcriptome data were verified with RT-gPCR assays,
which confirmed the upregulation of norB in PC-grown S. aureus compared to TSB
cultures in all four TRSs (Figure 19). The housekeeping gene, 16S rRNA, was used as
control to verify the transcriptome data. This gene was the only one that did not show
differential expression from a list of potential housekeeping genes based on transcriptome
data of the Ramirez lab (Appendix A12). Additionally, a literature review revealed that 16S
rRNA is often used as a housekeeping gene in RT-gPCR assays [214-216], The upregulation
of norB in the TRS suggests that NorB efflux pump supports bacterial survival in the
immunological challenging PC storage environment. Supporting my observations, Ding,
et al. (2008) also showed a role of NorB in bacterial survival in a mouse skin abscess

model [126],
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Figure 19 — RT-qPCR of norB expression in PCs compared to TSB (yellow line). Relative
expression of norB in transfusion-relevant Staphylococcus aureus strains [CBS: CBS2016-05,
CI25: CI/BAC/25/13/W; PS169: PS/BAC/169/17/W and PS317: PS/BAC/317/16/W] cultured in
platelet concentrates (PCs) compared to trypticase soy broth (TSB). TSB is the baseline (yellow
line). Gene expression levels were normalized to the housekeeping gene (16S RNA) and
calculated using the AACt method. Bars represent mean fold change from three pooled replicates.
Expression of norB in PCs versus TSB was significantly different (p < 0.05). Figure retrieved from

paper by Paredes et al (2025) "], copyrights approval to reproduce the figure available in page xv.

3.2.2 Mutagenesis and overexpression of Staphylococcus aureus norB

3.2.2.1 Deletion of norB via CRISPR-Cas9 technology

Based on the transcriptome results, S. aureus PS/BAC/169/17/W was selected for
downstream studies and construction of a norB deletion mutant using a CRISPR-Cas9
protocol. Table 14 8 shows the steps of the mutation process and results. Efforts to

generate a deletion of the norB gene in S. aureus PS/BAC/169/17/W were unsuccessful.
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This outcome indicates a potential failure that may be due to Cas9-induced toxicity,
inefficient delivery of the CRISPR components, inadequate repair of the DNA double-
strand breaks and off-target effects [2'7l. Studies have demonstrated that the Cas9
enzyme can induce toxicity resulting in impaired cell growth and cell death, limiting the
applications of the CRISPR-Cas9 system. Inefficient delivery of both the Cas9 enzyme
and the guide RNA (gRNA) to the target cells reduces efficient and specific
resulting limited loading capacity and lack the ability to integrate into the genome. Failure
to repair of DNA double-strand breaks after Cas9 activity leading to unintended mutations
or genomic instability. CRISPR-Cas9 can also induce mutations at unintended locations
in the genome, known as off-target effects, additionally the Cas9 can cut the plasmid
impairing the process 2'8l. Plasmid incompatibility was assessed to determine if pCasSA
can coexist with the 2.7 Kb plasmid carried by S. aureus PS/BAC/1669/17W.The pCasSA
vector belongs to plasmid incompatibility group A and carries a ColE1 origin of
replication?®], The sequence alignment of ColE1 against compared with the sequence
the 2.7 Kb plasmid of S. aureus PS/BAC/1669/17W revealed no homology. Additionally,
the presence of incompatibility groups in both plasmids was investigated using the
bioinformatic tool “PlasmidFinder (v2.1)”. This analysis revealed the absence of
incompatibility groups in the PS/BAC/169/17W plasmid and the presence of the repUS16
incompatibility group in pCasSA. These results indicate that there are no overlapping
regions between the origin of replication and incompatibility groups between the two
plasmids, and therefore both could co-exist in S. aureus. This helped in part rule out this

issue as the caused for the failed transformation during my mutagenesis assays.
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Table 14 — Steps of CRISPR-Cas9 protocol to obtain a norB mutant in Staphylococcus aureus
PS/BAC/169/17/W.

CRISPR-Cas9 protocol Steps

1. Cloning upstream and downstream regions of norB into vector

pCasSA resulting in plasmid “pHR” which was successfully v
transformed into Escherichia coli DC10b*
2. Cloning of phosphorylated “small guided” RNA (sgRNA) into “pHR”

resulting in the new plasmid “pHR-sgRNA”, which was again v
transformed into E. coli DC10b*
3. Electroporation of S. aureus RN4220* with plasmid pHR-sgRNA v

isolated from E. coli DC10b, which was confirmed by colony PCR  (Figure 20)
4. Electroporation of S. aureus PS/BAC/169/17/W with plasmid pHR-
sgRNA isolated from S. aureus RN4220

Steps achieved (v') and unachieved ().

X
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Legend:

L —ladder te—g;r:i(ger
E — pCasSA (empty) B — pHR_sgRNA

E1, E2 — Colonies 1, 2 — Colonies

Figure 20 — Electroporation of Staphylococcus aureus RN4220 (CRISPR-Cas9). (a) Colony PCR
of S. aureus RN4220 transformed with the empty pCasSA vector: (Table 14), (b) Colony PCR of
S. aureus RN4220 transformed with plasmid pHR-sgRNA (Table 14).

3.2.2.2 Deletion of norB via allelic exchange recombination

Allelic exchange was attempted using the low-copy, temperature sensitive plasmid pIMAY
to generate a norB deletion mutant, which was also unsuccessful as shown in the step-
by-step description of Table 15. This failure may be attributed to low homologous
recombination (i.e., the ability to repair DNA double-strand breaks using the homologous
recombination repair pathway may be compromised) 29 or insufficient expression of
the recombinase machinery as expression of recombinases that play a crucial role in

homologous recombination and DNA repair [220],
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Table 15 — Steps of allelic recombination exchange protocol to obtain a norB mutant in

Staphylococcus aureus RN6390.

Allelic exchange protocol Steps
1. Cloning upstream and downstream regions of norB into the plasmid
pIMAY (pIMAY_HR) which was successfully transformed into v
Escherichia coli DC10b
2. Electroporation of S. aureus RN4220 with plasmid pIMAY_HR v

isolated from E. coli DC10b, which was confirmed by colony PCR (Figure 21)
3. Electroporation of S. aureus RN6390 with plasmid pIMAY_HR
isolated from S. aureus RN4220

X

Steps achieved (v') and unachieved (%).

L EE1 E2

Legend: Legend:

L —ladder L —ladder

E — pIMAY (empty) B - pIMAY_HR
E1, E2 — Colonies 1,2 —Colonies

Figure 21 — Electroporation of Staphylococcus aureus RN4220 (Allelic Exchange). (a) Colony
PCR of S. aureus RN4220 transformed with the empty pIMAY vector: (Table 15), (b) Colony PCR
of S. aureus RN4220 transformed with plasmid pIMAY_HR (Table 15).
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3.2.2.3 Overexpression of the norB gene in Staphylococcus aureus

Overexpression of norBin S. aureus was also attempted as an alternative to mutagenesis
to study the function of NorB in quinolone resistance (Table 16). | constructed plasmid the
pSK::norBp, which carries norB and its promoter from TRS CBS2016-05. This plasmid
was successfully transformed into S. aureus RN4220. However, despite multiple
attempts, electroporation of S. aureus CBS 2016-05 with pSK::norBp isolated from S.
aureus RN4220was unsuccessful. This suggests that the transformation efficiency was

compromised by unknown factors, which | could not identify despite troubleshooting.

Table 16 — Steps of overexpression protocol.

Overexpression protocol Steps
1. Cloning the norB gene and promoter into vector pSK5632 resulting
in plasmid pSK::norBp which was successfully transformed into E. v
coliDC10b
2. Electroporation of S. aureus RN4220 with plasmid pSK::norBp v

isolated from E. coli DC10b, which was confirmed by colony PCR  (Figure 22)
3. Electroporation of S. aureus CBS2016-05 with plasmid
pSK::norBp isolated from S. aureus RN4220

X

Steps achieved (v') and unachieved (%).
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B EElE2

Legend: Legend:
E — pCasSA (empty) 1 - pSK::norBp
E1, E2 — Colonies 2, 3 - RN4220 + pSK::norBp

Figure 22 — Electroporation of Staphylococcus aureus RN4220 (Overexpression). (a) Colony PCR
of S. aureus RN4220 transformed with the empty pSK5632 vector: (Table 16), (b) Colony PCR of
S. aureus RN4220 transformed with plasmid pSK::norBp (Table 16).

3.2.2.4 norB expression in non-transfusion relevant strains of
Staphylococcus aureus

As deleting and overexpressing norB in TRS proved challenging, functional assays were
conducted with S. aureus RN6390, RN6390AnorB and RN6390AmgrA. These isolates
provide a genetic background of interest to study the function of norB: wild type RN6390,
RN6390AnorB (deletion of the norB gene), and RN6390AmgrA (overexpression of norB).
Interestingly, RT-qgPCR showed that expression of all three genes, norA, norB, and norC,
was increased (one to six-fold) in S. aureus RN6390 when this strain was grown in PCs

and expression of both norA and norC genes was enhanced in PC cultures of the norB
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mutant (Figure 23). Unexpectedly, only norB was upregulated in the mgrA mutant despite

that the global regulator MgrA represses expression of all three nor genes.

—_—

0 ® norA
9 + ® horB
8 + "f nhorC
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©
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- 2 1 .
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RN6390wt RN6390AnorB RN6390AmgrA

*p<0.03 ; ns: not significant

Figure 23 — Expression of efflux pumps genes norA, norB, and norC measured by RT-qPCR.
Relative expression of norA, norB, and norC in Staphylococcus aureus RN6390 and its deletion
mutants norB and mgrA cultured in platelet concentrates (PCs) compared to trypticase soy broth
(TSB). TSB is the baseline (yellow line). Gene expression levels were normalized to the
housekeeping gene 16SRNA and calculated using the AACt method. Bars represent mean fold-
change t standard deviation from three biological replicates. Statistical significance was
determined by one-way ANOVA, * p < 0.05; ns: not significant. Figure retrieved from paper by

Paredes et al (2025) [, copyrights approval to reproduce the figure available in page xv.
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3.3 Quinolone resistance assays of Staphylococcus aureus
grown in media and PCs

In Canada, quinolones ciprofloxacin and norfloxacin are included as part of the treatment
regimen for infections caused by S. aureus 1??'l. Therefore, these antibiotics were chosen
to test quinolone resistance in PC-grown S. aureus. MIC and MBC assays for both
antibiotics were determined for the four TRSs, S. aureus RN6390, RN6390AnorB,

RN6390AmgrA, and control S. aureus ATCC 29213.

3.3.1 MIC of ciprofloxacin and norfloxacin

The MIC of ciprofloxacin and norfloxacin were determined against the TRSs and S.
aureus RN6390, RN6390AnorB, RN6390AmgrA using the broth microdilution method
(Table 17). The ATCC 29213 served as control strain. Ciprofloxacin exhibited a MIC
ranging from 0.125 ug/mL to 1 ug/mL for all isolates while norfloxacin showed variable
MICs among the isolates, ranging from 0.25 ug/mL - 4 pg/mL. As per classification of
antibiotic resistance in the Clinical & Laboratory Standards Institute (CLSI) ['46], all strains

were sensitive to both quinolones.
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Table 17 — Minimal Inhibitory Concentration (MIC) of ciprofloxacin and norfloxacin in
Staphylococcus aureus grown in Miieller Hinton (n=3) [299] Table retrieved from paper by Paredes

et al (2025), copyrights approval to reproduce the table available in page xv. Sensitive (S) [46]

Ciprofloxacin Norfloxacin
S. aureus strains S£1 pg/ml S£4ug/ml
ug/mL R>4 pg/ml gimb 2516 ug/ml
ATCC 29213 0.125-0.5 S 1-2 S
(Control)

CBS 2016-05 0.25-0.5 S 0.5 S
CI/BAC/25/13/W 0.5-1 S 2-4 S
PS/BAC/169/17/W 0.5-1 S 05-2 S
PS/BAC/317/16/W 0.5-1 S 0.25-1 S
RN6390 0.125-0.5 S 05-2 S
RN6390AnorB 0.125-0.5 S 0.25-0.5 S
RN6390AmgrA 0.125-0.5 S 0.5-1 S

3.3.2 MBC of ciprofloxacin and norfloxacin

For MBC assays, all strains were cultured in PCs and TSB. MBC values in TSB were
comparable to MIC results (Table 18 and Table 17, respectively). The MBC data showed
a clear and consistent pattern in which all S. aureus strains exhibit an increase in
ciprofloxacin and norfloxacin MBCs in PCs compared to TSB cultures, demonstrating that
the PC environment triggers quinolone resistance in S. aureus. The ATCC 29213 strain
served as control with known fluoroquinolone susceptibility, the MBC increase in this
isolate grown in PCs validates that the increase in the resistance to ciprofloxacin and
norfloxacin is due to the PC storage environment and not due to strain genetic variability.
The MBC results for both quinolones were higher in PC-grown bacteria compared to TSB

cultures reaching a significant difference for ciprofloxacin (p < 0.05) in all strains tested
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except S. aureus PS/BAC/317/16/W, which was marginally different (p = 0.057) (Table

18).
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Table 18 — Minimal Bactericidal Concentration (MBC) of ciprofloxacin and norfloxacin in
Staphylococcus aureus grown in TSB and PCs, and statistical comparison (n > 3). Table retrieved

from paper by Paredes et al (2025) '), copyrights approval to reproduce the table available in

page Xxv.
Ciprofloxacin (ng/mL) Norfloxacin (ug/mL)
p Value p Value
Strains
TSB PCs (PCs vs. TSB PCs (PCs vs.
TSB) TSB)
ATCC 29213 0.25-2 16-64  <0.0001 1 2-128 <0.0001
CBS2016-05 0.5-1 1-8 0.0478 1-2 4-8 p > 0.05
CI/BAC/25/13/W 0.5-2 2-8 0.0303 1-4 1-4 p > 0.05
PS/BAC/169/17/W 1-8 8-32 0.0002 1-4 8-128 0.0571
PS/BAC/317/16/W 0.5-2 1-16 0.0571 1-2 1-16 p > 0.05
0.125-1 0.5-16  <0.0001 1 1-16 <0.0001
RN6390
0.125—-
RN6390AnorB 0.5 0.54 <0.0001 0.5 1-8 <0.0001
RN6390AmgrA '
0.5-1 2-16 <0.0001  0.25-1 2-32 <0.0001

Comparison between (RN6390 “wild type” and deletion mutant isolates)
Mann-Whitney U test

Ciprofloxacin p value Norfloxacin p value
WT vs. AnorB (PCs) 0.6501 WT vs. AnorB (PCs) 0.2720
WT vs. AmgrA (PCs) 0.0002 WT vs. AmgrA (PCs) 0.0011

Importantly, MBC values of ciprofloxacin and norfloxacin in wild-type S. aureus RN6390
and RN6390AnorB grown in PCs were not significantly different (p = 0.065 and p = 0.27,
respectively, Table 18) indicating that norA and norC, which are upregulated in the norB
mutant (Figure 23) are activated in response to PC-associated stresses, may confer
resistance to these quinolones in a norB negative background. However, significantly

higher resistance to ciprofloxacin and norfloxacin in S. aureus RN6390AmgrA compared
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to the wild-type strain (p = 0.0002 and p = 0.0011, respectively; Table 18) was likely due
mostly to the overexpression of norB and not to the overexpression of norA or norC

(Figure 23).

3.4 Staphylococcus aureus virulence studies using a

Bombyx mori model

3.4.1 NorB involvement in increased proliferation of Staphylococcus

aureus in PCs

It has been shown that the PC storage environment enhances the virulence of
transfusion-relevant S. aureus CBS2016-05 and that overexpression of NorB increases
S. aureus survival in a mouse abscess model [126.159] With this information, | hypothesized
that NorB could be involved in increased growth in PCs and enhanced virulence of S.
aureus.

Data shown in Figure 13A and Table 19 suggest faster growth of the wild-type RN6390
strain compared to RN6390AnorB and RN6390AmgrA in TSB indicating that either lack
of expression or overexpression of norB could impair growth in media. These results differ
from the data obtained in PCs, in which the growth curves for the three strains overlap

(Figure 13B).
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3.4.2 NorB involvement in virulence of Staphylococcus aureus

In virulence studies using animal models, lethal dose (LDso) values indicate the bacterial
load needed to kill 50% of the population. In this study, three groups of 10 B. mori larvae
per bacterial isolate (S. aureus RN6390, RN6390AnorB and RN6390AmgrA) were
injected with 10-fold bacterial suspensions to determine the bacterial load that kills 50%
of each group. LDso studies in B. mori larvae showed that the S. aureus RN6390AnorB
had a higher LDso than the wild-type strain. Two-log more of S. aureus RN6390AnorB
were needed to kill 50% of larvae compared to wild-type S. aureus RN6390, indicating a
decrease in the virulence of the mutant strain although no statistical significance was
attained (p > 0.05) (Table 19). This provides novel evidence of the role of NorB in S.
aureus virulence. As norB is overexpressed in the S. aureus mgrA mutant (Figure 23), it
was expected to observe increased virulence of this mutant compared to the wild-type
strain. However, LDso values of the mgrA mutant were higher than those of the wild-type

strain.
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Table 19 — LD50 results for wild type and mutants norB and mgrA Staphylococcus aureus strains
in a silkkworm animal model (n = 3, Student t-test p > 0.05). Table retrieved from paper by Paredes

et al (2025) !, copyrights approval to reproduce the table available in page xv.

S. aureus Isolates LDso (Per Larvae)
RN6390 “wild type” (WT) ~1.02 x 10* CFU (£1.01 x 10%)
RN6390AnorB ~3.29 x 106 CFU (£2.04 x 10°)
RN6390AmgrA ~2.85 x 10° CFU (£1.90 x 10%)

Comparison between strains

T-test with Welch’s correction (p value)

WT vs. AnorB 0.1518

WT vs. AmgrA 0.1773

3.4.3 Virulence assays in PC- versus TSB-derived Staphylococcus

aureus

To determine the impact of the PC storage environment in S. aureus virulence driven by
NorB, wild type S. aureus RN6390, RN6390AnorB and RN6390AmgrA were grown in
PCs and TSB. Bacterial suspensions were then adjusted to their respective LDso values
and inoculated in silkworms to perform comparative killing assays. Results are shown in

Figure 24.
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Figure 24 — Comparison of silkworm larvae survival after inoculation with Staphylococcus aureus
derived from TSB and PCs. Silkworm larvae survival rates (%) in the presence of S. aureus
RN6390 and deletion mutants norB and mgrA. Assays were performed using three independent
PC units, tested on groups of ten larvae. Statistical analysis was performed using t-student test,

p<0.05; ns: not significant, n=3.

Data previously obtained in the Ramirez’ laboratory with the TRS CBS2016-05, showed
significant increased virulence of PC-grown S. aureus CBS2016-05 compared to TSB-
derived cultures ['%9, Unexpectedly, in my assays, wild-type RN6390 and RN6390AmgrA
showed reduced virulence when the isolates were grown in PCs compared to TSB
cultures while the norB mutant grown in PCs demonstrated increased virulence compared

to TSB-grown bacteria although no significance was attained (Figure 24).
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4. Discussion

As a disclaimer, part of the discussion presented in this chapter has been published in
the journal Antibiotics (MDPI), in which | am the first author ['l. Dr. Sandra Ramirez-Arcos
was involved in data analysis, interpretation and discussion, and in editing the published

manuscript.

PC storage at room temperature under agitation safeguards platelet functionality, which
is critical for therapeutic efficacy. Unfortunately, these conditions are amenable for growth
of most bacterial contaminants introduced during venipuncture 221, Storage of PCs is
limited to a maximum of seven days to minimize the platelet storage lesion (PSL), which
encompasses a series of morphological and metabolic changes that platelets undergo as
a result of an increase in lactate levels, with consequential decrease in pH, loss of surface
membrane glycoproteins and reduced aggregation response 492231 A study by Yousuf et
al, showed that S. aureus proliferation to clinically significant levels in PCs enhances the
PSL 7], Importantly, changes in the PC storage environment not only affects platelet
metabolism but also impacts gene expression of bacterial contaminants. Immune
stressors released by activated platelets during PC storage trigger differential expression
of virulence genes such as those involve in biofilm formation and antimicrobial resistance
in S. aureus and S. epidermidis 6792213 Furthermore, gene expression studies
conducted in the Ramirez’ laboratory with S. epidermidis showed that antimicrobial
resistance genes were upregulated and virulence was increased when the bacterium was

grown in PCs versus TSB [?13224] Therefore, | developed a series of experiments to test
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whether the PC storage environment enhances antimicrobial resistance and virulence of

S. aureus.

4.1. Role of NorB in quinolone resistance in Staphylococcus

aureus

S. aureus is the predominant PC contaminant involved in septic transfusion reactions
worldwide 39, During my project, | performed comparative transcriptome analyses of four
transfusion relevant strains grown in TSB and PCs with focus on genes involved in
antibiotic resistance. Data from this analysis revealed differential expression of genes
involved in resistance mechanisms to antibiotics, particularly the norB gene, which was
upregulated in all strains. As norB encodes for the efflux pump NorB, which is involved in
S. aureus resistance to quinolones such as ciprofloxacin and norfloxacin, | performed
MBC assays for these antibiotics of the transfusion relevant strains grown in TSB and
PCs showing increased resistance to the quinolones in PC-grown bacteria compared to
TSB cultures. These results strongly suggested that NorB might be involved in quinolone
resistance when S. aureus is grown in PCs. To confirm these data, MBC of ciprofloxacin
and norfloxacin and RT-qPCR assays were performed with the non-transfusion relevant
strains S. aureus RN6390 and its derivative norB and mgrA mutants. Data from those
experiments indicated that not only NorB but potentially the efflux pumps NorA and NorC

were also involved in the observed quinolone resistance.

Previous studies have shown that overexpression of S. aureus norA is directly related to

increased resistance to ciprofloxacin [132.137.225  Nevertheless, our results should be
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analyzed with caution as S. aureus RN6390 lacks the RsbU phosphatase "%, which is
involved in dephosphorylation of the global regulator MgrA ['32 It is intriguing to
investigate whether other phosphatases (bacterial or platelet-derived) can change the
phosphorylation status of MgrA and consequent expression of nor genes as repression
of norA and norB depends on the phosphorylation state of MgrA ['36l. Phosphorylated
MgrA loses its ability to bind (repress) the norA promoter resulting in increased quinolone
resistance ['"3]. Truong-Bolduc et al have shown that overexpression of the
Serine/Threonine kinase gene pknB, which is involved in phosphorylation of MgrA, results
in increased resistance of norfloxacin and ciprofloxacin in S. aureus RN6390 (32, The
quinolone resistance results presented herein are likely the consequence of complex

interactive regulatory processes that merit further investigation.

Other potential mechanisms involved in quinolone resistance could be mutations in the
gyrA/B and parC/E genes. A study from Solano-Galvez, et al (2021) 2?61, showed that
genomic modification in these genes can result in the resistance to quinolones. Protein
alignment of GyrA/B and ParC/E (Appendix A5) shows variation in amino acid residues
among the TRS and RN6390 strain in comparison with the consensus sequence which
merits further investigation to understand the impact of these sequence differences in

quinolone resistance.

4.2. Role of NorB in growth of Staphylococcus aureus in PCs

S. aureus is a versatile pathogen that can adapt to different environments; the PC storage

provides a harsh niche that triggers differential gene expression in bacteria to overcome
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platelet-derived antimicrobial proteins and reduction of nutrients. The Ramirez lab has
shown different patterns of bacterial growth in PCs compared to media particularly for
Staphylococcus spp. For instance, Hamza, A. et al (2012) 12?71 and Taha, M. et al (2018)
[228] 'have shown that coagulase negative staphylococci are able to grow in PCs at a lower
growth rate compared to laboratory media, with marked differences between species and
between isolates of the same species. Consistent to these previous data, my growth
kinetics results of S. aureus grown under optimal conditions (TSB) versus PCs revealed
a reduced growth rate in PCs. S. aureus growth rate in the PC bags is limited due to the
harsh storage environment. Slow growth rates in PCs demonstrate that nutritional and
immune challenges (e.g., antimicrobial peptides) reduce the rate of bacterial proliferation.
Additionally, an increase in the concentration of host immune factors released by platelets

due to PSL may contribute to the slower growth rates of S. aureus in PCs 7],

Interestingly, Chi, S. I. et al (2023) [°?l have shown that staphylococcal enterotoxins impair
growth of transfusion relevant S. aureus CBS 2016-05. | therefore investigated whether
another virulence factor, the efflux pump NorB, affected growth to S. aureus in PCs as
this protein has been shown to confer advantageous growth of S. aureus in skin
abscesses [26, My data showed overlapping growth curves of wild-type S. aureus
RN6390 and its norB and mgrA mutants during PC storage. It is therefore not obvious

that NorB alone confers advantageous proliferation of S. aureus in PCs.

It is important to acknowledge one caveat to these findings related to bacterial
aggregation particularly in PCs, where multiple cells can adhere to form clumps that may

underestimate colony counts. Despite this limitation, the data obtained from growth curve
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assays remain robust due to reproducibility in the three independent replicates (Figures

12 and 13).

4.3. Role of NorB in virulence of Staphylococcus aureus

As shown in my genomic analysis, S. aureus comprises several virulence factors
including exotoxins, immune evasion factors, and membrane proteins that facilitate
bacterial infection, making this bacterium a major threat for PC recipients. Previous
virulence studies from the Ramirez’ lab with S. epidermidis using the nematode C.
elegans animal model showed enhanced virulence in PC-grown bacteria in comparison
to TSB cultures 2?4, Similarly, it has been recently shown that the virulence of the
transfusion relevant strain S. aureus CBS2016-05 is enhanced when grown in PCs

compared to media using a B. mori animal model ['%9],

Since overexpression of NorB confers advantageous survival of S. aureus in skin
abscesses ['?9]. | therefore decided to adapt a B. mori animal model optimized in our lab
to study the role of NorB in virulence of S. aureus. My data showed a 2-log higher LDso
for the S. aureus norB mutant compared to wild type S. aureus RN6390 indicating loss of
virulence. Preliminary comparative studies in PCs vs TSB were inconclusive as the three
strains grown in TSB showed 50% larvae mortality in each of three repetitions, which is

statistically improbable and merits further assays.

It is important to recognise that the rsbU negative background of the RN6390 strains may
have contributed to the virulence results obtained in silkworms which warrants more

extensive studies using different S. aureus strains, animal models or cell cultures
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[46,164,229]] As RsbU has a major role in the SigB regulon, it is also critical to consider how
the expression of other virulence factors driven by SigB played a role in the virulence

results presented herein.

The overexpression of the NorB efflux pump in S. aureus results in increased survival and
growth in a mouse abscess model 28], suggesting that this efflux pump may be involved
in extrusion of host-derived antimicrobial factors. It is therefore possible that NorB is
involved in extrusion of platelet-derived antimicrobial peptides in S. aureus-contaminated
PCs. Furthermore, | propose that NorB is involved in a bacterial mechanism of defense
by excreting antimicrobial peptides produced by silkworm larvae during infection as

shown for other efflux pumps in P. aeruginosa 23,

It would therefore be interesting to investigate how expression of norB in a rsbU+
background influences virulence in silkworms as overexpression of sigB has been
associated with in vitro resistance to antimicrobial peptides produced by nematodes in S.
aureus "2, This can be studied by performing comparative assays between S. aureus
RN6390 and a rsbU+ strain such as S. aureus SH1000. This strain is ideal because
SH1000 and RN6390 are isogenic; both are derived from S. aureus NCTC 8325 which

harbors an 11-bp deletion in rsbU that was restored in the SH1000 strain 23],

The selection of a model to investigate the virulence of S. aureus grown in PCs, for
instance when choosing between B. mori and a murine model, should be based on the
aim of the experiment, model complexity (physiological and genetic similarities to
humans), and practical considerations like ethics, cost and availability. The silkworm
model was chosen to my project based on previous experience and availability of the

larvae and protocols in our lab. Moreover, the silkworm innate immune response closely
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reflects mammalian innate immune response and is an efficient, ethical, and low-cost tool
to investigate basic virulence bacterial profiles ['67-178_ Nonetheless, the lack of platelets
in the silkworm hemolymph, the complex coagulation cascade, and adaptive immunity
limit the applicability of this model [2321. Conversely, the mammal murine model is widely
chosen as a model organism, as it comprises a full physiological system, including
platelets ['64]. Thus, this model has been previously used by other groups in the study the
S. aureus' role in septic shock, resistance to mammalian immune clearance, and tissue
infections like kidney abscesses [233-2361, Ultimately, my findings using silkworm larvae

provide valid preliminary information that could be confirmed in a murine system.
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5.Concluding Remarks

My studies aimed to investigate the impact of the PC storage environment on S. aureus
transcriptional changes with a focus on genes involved in antibiotic resistance and
virulence. Findings of this study demonstrate that the PC storage environment triggers S.
aureus resistance to quinolones and upregulation of nor efflux pump genes in a strain-
dependent manner. Additionally, | showed evidence of the potential role of NorB in S.
aureus virulence using a silkworm model. My findings highlight the need to deepen our
knowledge on the molecular mechanisms involved in resistance to antibiotics and
virulence when bacteria proliferate in PCs. The increase of antibiotic resistance and
bacterial virulence are a major concern worldwide. My work provides scientific insights
that can add in the development of new rapid treatment drugs, or exploring non-antibiotic
adjuvant therapies, such as efflux pump inhibitors, to restore antibiotic efficacy and
improve patient outcomes. This is particularly important in the clinical setting to select
antibiotics for the optimal treatment of patients suffering from transfusion-associated
bacterial infections. Adding antibiotics to PCs is not viable due to ethical and regulatory
considerations of transfusable PCs, which are considered a biological product. However,
my research informs researchers and clinicians to develop novel therapies as described
above. Overall, | have generated novel information advancing knowledge on platelet-S.
aureus interaction in the unique PC storage environment opening avenues for future
studies that can contribute with knowledge in the prevention of septic transfusion

reactions involving contaminated PCs.
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6.Future work

While my doctoral studies have provided valuable insights in the impact of the PC storage
environment in S. aureus antibiotic resistance and virulence, several questions remain
open for further exploration. Suggestions for future work that could build upon and extend

the findings of my research studies are listed below.

1. Regulation of nor genes in a mgrA mutant may be driven by other regulators
such as NorG. Transcriptome and/or RT-qPCR could be used to confirm whether
other regulators including NorG are upregulated in a mgrA mutant strain. These
experiments could be complemented by the creation of a double AnorGAmgrA mutant

and analyzing nor gene expression in this background.

2. Comparison of virulence studies between rsbU- and isogenic rsbU+ strains to
investigate the role of NorB in virulence with a functional SigB regulon.
Comparative transcriptome and/or RT-qPCR analyses could be used to analyze the
expression of nor genes in a functional SigB regulon compared to a deficient SigB

regulon as the one used in my studies.

3. Investigating if NorB has a role in exporting antimicrobial peptides produced by
activated platelets during PC storage to complement the role of this efflux pump
in increased quinolone resistance. Platelet-produced antimicrobial peptides could
be tested with minimal inhibitory concentration assays using strains with different
genetic backgrounds (e.g., wild type, AnorB and AmgrA) to assess the role of Nor
efflux pumps in the survival and resistance to antimicrobial factors produced by

activated platelets during PC storage.
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Appendix A1 — Supplementary information for Chapter 3
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Figure 1A — norB primers efficiency for the TRS (CBS2016-06; CI/BAC/25/13/W;
PS/BAC/169/17/W and PS/BAC/317/16/W). The Primers sets (forward and reverse) 16S rRNA,
and norB. The graphs A and B demonstrate the reliability of the assay, indicated by the single-
peak melt peaks and no peak corresponding to primer dimers or nonspecific products for the
target gene or control in the melt curves, respectively. Figure retrieved from paper by Paredes et

al (2025) "l copyrights approval to reproduce the figure available in page xv.
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Appendix A2 — Supplementary information for Chapter 3
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Figure 2A — Primer efficiency for RN6390 “wild type”, and deletion mutants RN6390AnorB and
RN6390AmgrA. Primers sets (forward and reverse) 16S rRNA, norA, norB and norC. The graphs
A and B demonstrate the reliability of the assay, indicated by the single-peak melt peaks and no
peak corresponding to primer dimers or nonspecific products for the target gene or control in the
melt curves, respectively. Figure retrieved from paper by Paredes et al (2025) !"l, copyrights

approval to reproduce the figure available in page xv.
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Appendix A3 — Supplementary information for Chapter 3

CBSZO1 6-05 CIIBACIZSI1 3/W
TSA TSA
PS/BAC/169/17/W PSI BAC/317/16/W
TSA
RN6390 “wild type” RN 36390AnorB
RN36390AmgrA
BA TSA

Figure 3A - S. aureus isolates grown in Blood Agar (BA) and Tryptic Soy Agar (TSA) plates.
Isolates were streaked onto BA and TSA plates, incubated at 37 °C for 24h.
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Appendix A4 — Supplementary information for Chapter 3
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261 270 280 290 300 310 320 330 340 350 360 370 380 390

I I
GGTAGATARACTTCARGT TCACGATAARGAGATAGACTTAGCTTCTAGCTTACARCARACAATGCTTARARCAGATATTCCACARTTTGATAGTATTCARAT TGGCGTTATTTCAGTGGCGGCACAARAR
GGTAGATAARACT TCARGT TCACGATARAGAGATAGACTTAGCTTCTAGC T TACARCARACARTGCTTRARACAGATATTCCACARTTTGATAGTATTCARAT TGGCGTTATT TCAGTGGCGGCACARARR
GGTAGATAAARCT TCARGT TCACGATARAGAGATAGACTTAGCTTCTAGCT TRACARCARACARTGCT TRARACAGATATTCCACARTTTGATAGTATTCARAT TGGCGTTATT TCAGTGGCGGCACARAAR
GGTAGATARACTTCARGT TCACGATARAGAGATAGACTTAGCTTCTAGCT TACARCARACARTGCTTARAACAGATATTCCACARTTTGATAGTATTCARAT TGGCGTTATT TCAGTGGCGGCACARARR
GGTAGATARACTTCARGT TCACGATARAGAGATAGACTTAGCTTCTAGCT TACARCARACAATGCTTARAACAGATATTCCACARTTTGATAGTATTCARAT TGGCGTTATTTCAGTGGCGGCACARRAR
GGTAGATARACTTCARGT TCACGATARAGAGATAGACT TAGCTTCTAGCT TACARCARACARTGCTTARARCAGATATTCCACARTTTGATAGTATTCARAT TGGCGTTATTTCAGTGGCGGCACAARAR

391 400 410 420 430 440 450 B0 aro 480 490 500 510 520

I I
GTARGTGGAGATTATTTTARTT TRATTGACCATARCGATGGCACARTGAGCTTTGCTGTTGCAGATGTCATTGGARRRGGTATACCAGC TGCTTTAGCARTGAGTATGATAARGTTTGGCATGGATTCTT
GTARGTGGAGATTATTTTARTT TRATTGACCATARCGATGGCACARTGAGCTTTGCTGT TGCAGATGTCAT TGGARRRGGTATACCAGC TGCTTTAGCARTGAGTATGATAARGTTTGGCATGGATTCTT
GTARGTGGAGATTATTTTARTT TRATTGACCATARCGATGGCACARTGAGCTTTGLTGT TGCAGATGTCATTGGARRRGGTATACCAGC TGCTTTAGCARTGAGTATGATAARGTTTGGCATGGATTCTT
GTAAGTGGAGATTATTTTARTT TAATTGACCATAACGATGGCACAATGAGCT TTGCTGT TGCAGATGTCAT TGGARARRGG TATACCAGCTGCTTTAGCARTGAGTATGATARRGT TTGGCATGGRTTCTT
GTAAGTGGAGATTATTTTARTT TRATTGACCATAARCGATGGCACARTGAGCT TTGCTGT TGCAGATGTCAT TGGARARGGTATACCAGC TGCTTTAGCARTGAGTATGATARRGT TTGGCATGGATTCTT
GTARGTGGAGATTATTTTARTTTARTTGACCATARCGATGGCACARTGAGCT TTGCTGTTGCAGATGTCATTGGARARGGTATACCAGC TGCTTTAGCARTGAGTATGATAARGTTTGGCATGGATTCTT

521 530 540 550 560 570 580 530 600 610 620 630 640 650

I I
ATGGACACTCACART TACCGAGTGATGGT T TARRRCGTTTARRTCGTGT TGT TGARARGARTATTARTCARARTATGTTCGTCACARTGTTTTATGGTTTATATGAAGARATGARCCATTTATTGTATTG
ATGGACACTCACAAT TACCGAGTGATGGCT TARAACGTTTARATCGTGT TGT TGARAAGARTATTAATCARARTATGTTCGTCACARTGTTTTATGGTTTATATGARGAAATGARCCATTTATTGTATTG
ATGGACACTCACART TACCGAGTGATGGT T TARARCGTTTARATCGTGTTGT TGAAAAGARTATTARTCARARTATGTTCGTCACARTGTTTTATGGTTTATATGAAGARATGARCCATTTATTGTATTG
ATGGACACTCACART TACCGAGTGATGGT T TARARCGTTTARATCGTGT TGT TGARARGARTATTAATCARARTATGTTCGTCACARTGTTTTATGGTTTATATGAAGARATGARCCATTTATTGTATTG
ATGGACACTCACAAT TACCGAGTGATGGCT TARARCGTTTARATCGTGT TGT TGARARGARTATTAATCARARTATGTTCGTCACARTGTTTTATGGTTTATATGAAGARATGARCCATTTATTATATTG
ATGGACACTCACAAT TACCGAGTGATGGE T TRARACGTTTARRTCGTGTTGT TGRARARGARTATTAATCARARTATGTTCGTCACARTGTTTTATGGTTTATATGAAGARATGARCCATTTATTETATTG

651 [1:1] 670 680 690 700 o 720 730 40 750 760 770 780

| I
TAGTTCAGCTGGTCATGAGCCTGGATATATTTATCGCGCTGARAARGAAGART TTGARGARATTTCAGT TAGAGGTAGAGTGT TAGGARTCAGT TCACARACACGATATCAACARCARGARATTCCARTA
TAGTTCAGCTGGTCATGAGCCTGGATATATTTATCGCGC TGARAAARGAAGART T TGARGARATTTCAGT TAGRGGTAGAGTGT TAGGARTCAGT TCACARACACGATATCAACARCARGARATTCCARTA
TAGTTCAGCTGGTCATGAGCCTGGATATATTTATCGCGCTGARAARGAAGART TTGARGARATTTCAGT TAGRGGTAGAGTGT TAGGAATCAGT TCACARACACGATATCAACARCARGARATTCCARTA
TAGTTCAGCTGGTCATGAGCCTGGATATATTTATCGCGC TGARAARGAAGART TCGARGARATTTCAGT TAGRGGTAGAGTGT TAGGARTCAGT TCACARACACGATATCARCARCARGARATTCCARTA
TAGTTCAGCTGGTCATGAGCCTGGATATATTTATCGCGC TGARAARGAAGAGT TTGARGARATTTCAGT TAGRGGTAGAGTGT TAGGARTCAGT TCACARACACGATATCAACARCARGARATTCCARTA
TAGTTCAGCTGGTCATGAGCCTGGATATATTTATCGCGCTGARAARGAAGAaT TLGAAGARATTTCAGT TAGAGGTAGAGTGTTAGGAATCAGT TCACARACACGATATCAACARCARGARATTCCARTA

81 790 800 810 820 830 840 850 860 870 880 890 900 910
I I
TACCTTGATGATTTARTTATCATTTTARCGGATGGTGTGACTGAAGCTAGARATAGTGARGGTACCT TTATAGATARARCARARACTTTTAGAARTATATTARARRACATARACATATGCACCCACAAGATA
TACCTTGATGATTTARTTATCATTTTARCGGATGGTGTGACTGAAGC TAGARATAGTGARGGTACCTTTATAGATARRCARARACTTTTAGARTATATTARARRACATARACATATGCACCCACARGATA
TACCTTGATGATTTARTTATCATTTTARCGGATGGTGTGACTGARGC TAGARATAGTGARGGTACCTTTATAGATARRCARRRACTTTTAGARTATAT TARARRACATARACATATGCACCCACARGATA
TACCTTGATGATTTARTTATCATTTTARCGGATGGTGTGACTGAAGCTAGARATAGTGARGGTACCTTTATAGATARRCARARAC TTTTAGARTATATTARARRACATARACATATGCACCCACARGATA
TACCTTGATGATTTARTTATCATTTTARCGGATGATGTGACTGAAGCTAGAARTAGTGARGGTACCT TTATAGATARRCARARACTTTTAGARTATATTARARRRCATARACATATGCACCCACARGATA
TACCTTGATGATTTARTTATCATTTTARCGGATGGTGTGACTGARGC TAGAAATAGTGAAGGTACCT TTATAGATARRCARARACTTTTAGARTATATTARARARCATARACATATGCACCCACARGATA

?11 920 930 940 950 960 970 980 930 lo:oog
TTGTTCARATTATCTATGARGCART TTTAARGCT TCARARCCCARATARARARGATGATATGACTATTTTGATTATARARAGAGTAAAT TAA
TTGTTCARAT TATCTATGARGCART TTTAARGCTTCARARCCCARRTARARARGATGATATGACTATTTTGATTATARARAGAGTARAT TAA
TTGTTCARATTATCTATGARGCARTTTTAARGCT TCARARCCCARATARARARGATGATATGACTATTTTGATTATARARAGAGTAARAT TAA
TTGTTCARAT TRATCTATGAARGCARTTT TAAAGCT TCARAARCCCARATAARRRAGATGATATGACTATTTTGATTATARAARGAGTAARAT TAA
TTGTTCARATTATCTATGAAGCART TTTARAGCTTCARARCCCARATARARRRGATGATATGACTATTTTGATTATARAAAGAGTAART TAA
TTGTTCARATTATCTATGARGCARTTTTARAGCTTCARARCCCARATAARAARGATGATATGACTATTTTGATTATARAAAGAGTAART TAA

Figure 4A - Alignment of the rsbU gene for TRS and S. aureus RN6390 using MultAlin
(last accessed on July 30", 2025), with 11-bp deletion located between nucleotides 219
to 229 (inclusive).
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Appendix A5 — Supplementary information for Chapter 3

GyrA DNA Gyrase
CLUSTAL 0(1.2.4) multiple sequence alignment subunit A
P5169 MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLNEQGMTP (51°]
DNA_GyraA MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLMEQGMTP 68
CI2s MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLNEQGMTP 68
RNG6398 MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLNEQGMTP 68
CB52816 MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLNEQGMTP 68
P5317 MAELPQSRINERNITSEMRESFLDYAMSVIVARALPDVRDGLKPVHRRILYGLNEQGMTP (51°]
R ittt i i it I T I I T T I T I s T i T I T T T T
P5169 DKSYKKSARIVGDVMGKYHPHGDSS IYEAMVRMAQDFSYRYPLVDGQGNFGSMDGDGAAA 128
DNA_GyrA DKSYKKSARIVGDVMGKYHPHGDSSIYEAMVRMAQDFSYRYPLVDGQGNFGSMDGDGAAA 128
CI25 DKSYKKSARIVGDVMGKYHPHGDSSIYEAMVRMAQDF SYRYPLVDGQGNFGSMDGDGAAA 128
RN6398 DKSYKKSARIVGDVMGKYHPHGDSS IYEAMVRMAQDF SYRYPLVDGQGNFGSMDGDGAAA 128
CBS2816 DKSYKKSARIVGDVMGKYHPHGDSS IYEAMVRMAQDFSYRYPLVDGQGNFGSMDGDGAAA 128
P5317 DKSYKKSARIVGDVMGKYHPHGDSS IYEAMVRMAQDFSYRYPLVDGQGNFGSMDGDGAAA 128
R ittt i i it I T I I T T I T I s T i T I T T T T
P5169 MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEREPSVLPARFPNLLANGASGIAVGMA 188
DNA_GyrA MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEREPSVLPARFPNLLANGASGIAVGMA 188
CI2s MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEREPSVLPARFPNLLANGASGIAVGMA 188
RNG6398 MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEREPSVLPARFPNLLANGASGIAVGMA 188
CBS52816 MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEREPSVLPARFPNLLANGASGIAVGMA 188
P5317 MRYTEARMTKITLELLRDINKDTIDFIDNYDGNEKEPSVLPARFPNLLANGASGIAVGMA 188
bbb b b L L b L L b bbb bbb bbb b b b R b bbb bbb b b b b bl b bbb bbb
P5169 TNIPPHNLTELINGVLSLSKNPDISIAELMEDIEGPDFPTAGLILGKSGIRRAYETGRGS 248
DNA_GyraA TNIPPHNLTELINGVLSLSKNPDISIAELMEDIEGPDFPTAGLILGKSGIRRAYETGRGS 248
CI25 TNIPPHNLTELINGVLSLSKNPDISIAELMEDIEGPDFPTAGLILGKSGIRRAYETGRGS 248
RN6398 TNIPPHNLTELINGVLSLSKNPDISIAELMEDIEGPDFPTAGLILGKSGIRRAYETGRGS 248
CB52816 TNIPPHNLTELINGVLSLSKNPDISIAELMEDIEGPDFPTAGLILGKSGIRRAYETGRGS 248
P5317 TNIPPHNLTELINGVLSLSKNPDISIAELMEDIEGPDFPTAGLILGKSGIRRAYETGRGS 248
T L L T T T I T
P5169 IQMRSRAVIEERGGGROQRIVVTEIPFQWNKARMIEKIAELVRDKKIDGITDLRDETSLRT 380
DNA_GyrA IQMRSRAVIEERGGGRQRIVVTEIPFQWNKARMIEKIAELVRDKKIDGITDLRDETSLRT 368
CI25 IQMRSRAVIEERGGGRQRIVVTEIPFQUNKARMIEKIAELVRDKKIDGITDLRDETSLRT 380
RN6398 IQMRSRAVIEERGGGRQRIVWTEIPFQWNKARMIEKIAELVRDKKIDGITDLRDETSLRT 308
CB52816 IQMRSRAVIEERGGGROQRIVWTEIPFQWNKARMIEKIAELVRDKKIDGITDLRDETSLRT 380
P5317 IQMRSRAVIEERGGGRQRIVVTEIPFQWNKARMIEKIAELVRDKKIDGITDLRDETSLRT 308
R ittt i i it I T I I T T I T I s T i T I T T T T
P5169 GVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALVNGRPKLINLKEALVHYLEHQK 368
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DNA_GyrA
CI25
RN6398
CBS2016
PS317

P5169
DNA_GyrA
CI2s
RNE6398
CB52816
P5317

P5169
DNA_GyrA
CI2s5
RN&398
CB52816
P5317

PS169
DNA_GyrA
C125
RN639@
CBS2016
PS317

PS169
DNA_GyrA
CI25
RN6398
CBS2016
PS317

P5169
DNA_GyrA
CI2s
RN&398
CB52816

GVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALVNGRPKLINLKEALVHYLEHQK
GVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALVNGRPKLINLKEALVHYLEHQK
GVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALYNGRPKLINLKEALVHYLEHQK
GVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALYNGRPKLINLKEALVHYLEHQK
GVRVVIDVRKDANASVILNNLYKQTPLQTSFGVNMIALVNGRPKLINLKEALVHYLEHQK

i it T it T I T S S T T T TS TS T T

TVVRRRTQYNLRKAKDRAHILEGLRIALDHIDEIISTIRESDTDKVAMESLQQRFKLSEK
TVVRRRTQYNLRKAKDRAHILEGLRIALDHIDEIISTIRESDTDKVAMESLQQRFKLSEK
TVVRRRTQYNLRKAKDRAHILEGLRIALDHIDEIISTIRESDTDKVAMESLQQRFKLSEK
TVVRRRTQYNLRKAKDRAHILEGLRIALDHIDEIISTIRESDTDKVAMESLQQRFKLSEK
TVVRRRTQYNLRKAKDRAHILEGLRIALDHIDEIISTIRESDTDKVAMESLQQRFKLSEK
TVVRRRTQYNLRKAKDRAHILEGLRIALDHIDEIISTIRESETDKVAMESLQQRFKLSEK

e e e L

QAQATILDMRLRRLTGLERDKIEAEYNELLNYISELEATLADEEVLLQLVRDELTEIRDRF
QAQAILDMRLRRLTGLERDKIEAEYNELLNYISELEAILADEEVLLQLVRDELTEIRDRF
QAQAILDMRLRRLTGLERDKIEAEYNELLNYISELETILADEEVLLQLVRDELTEIRDRF
QAQAILDMRLRRLTGLERDKIEAEYNELLNYISELEATILADEEVLLQLVRDELTEIRDRF
QAQAILDMRLRRLTGLERDKIEAEYNELLNYISELEAILADEEVLLQLVRDELTEIRDRF
QAQAILDMRLRRLTGLERDKIEAEYNELLNYISELEAILADEEVLLQLVRDELTEIRDRF

FEERERERRER R R R R R R AR R AR AR R R R R E R FE R R R R F R F R R R R ER R

GDDRRTEIQLGGFEDLEDEDLIPEEQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNT
GDDRRTEIQLGGFEDLEDEDLIPEEQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNT
GDDRRTEIQLGGFEDLEDEDLIPEEQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNT
GDDRRTEIQLGGFEDLEDEDLIPEEQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNT
GDERRTEIQLGGFEDLEDEDLIPEEQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNT
GDDRRTEIQLGGFEDLEDEDLIPEEQIVITLSHNNYIKRLPVSTYRAQNRGGRGVQGMNT

R e L

LEEDFVSQLVTLSTHDHVLFFTNKGRVYKLKGYEVPELSRQSKGIPVVNAILELENDEVIS
LEEDFVSQLVTLSTHDHVLFFTNKGRVYKLKGYEVPELSRQSKGIPVVNAIELENDEVIS
LEEDFVSQLVTLSTHDHVLFFTNKGRVYKLKGYEVPELSRQSKGIPVVNAIELENDEVIS
LEEDFVSQLVTLSTHDHVLFFTNKGRVYKLKGYEVPELSRQSKGIPVVNAIELENDEVIS
LEEDFVSQLVTLSTHDHVLFFTNKGRVYKLKGYEVPELSRQSKGIPVVNAIELGNDEVIS
LEEDFVSQLVTLSTHDHVLFFTNKGRVYKLKGYEVPELSRQSKGIPYVNAIELENDEIIS

Rt

TMIAVKDLESEDNFLVFATKRGVVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGQ
TMIAVKDLESEDNFLVFATKRGVVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGQ
TMIAVKDLESEDNFLVFATKRGVVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGQ
TMIAVKDLESEDNFLVFATKRGVVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGQ
TMIAVKDLESEDNFLVFATKRGVVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGQ

360
368
3608
360
368

420
420
420
420
420
420

488
488
488
488
488
480

548
548
548
548
548
548

668
668
6688
668
51505
668

668
668
668
668
668
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PS317

PS169
DNA_GyrA
cI2s
RN6390
CBS2016
PS317

PS169
DNA_GyrA
CI25
RN6396
CBS2016
PS317

PS169
DNA_GyrA
CI25
RN6396
CBS2016
PS317

PS169
DNA_GyrA
CI25
RN6398
CBS2016
PS317

TMIAVKDLESEDNFLVFATKRGVVKRSALSNFSRINRNGKIAISFREDDELIAVRLTSGOQ
B T T e e Tt L L i i L e S E L T

EDILIGTSHASLIRFPESTLRPLGRTATGVKGITLREGDEVVGLDVAHENSVDEVLVYVTE
EDILIGTSHASLIRFPESTLRPLGRTATGVKGITLREGDEVVGLDVAHANSVDEVLVVTE
EDILIGTSHASLIRFPESTLRPLGRTATGVKGITLREGDEVVGLDVAHANSVDEVLVWTE
EDILIGTSHASLIRFPESTLRPLGRTATGVKGITLREGDEVVGLDVAHANSVDEVLWVTE
EDILIGTSHASLIRFPESTLRPLGRTATGVKGITLREGDEVVGLDVAHANSVDEVLVYVTE

EDILIGTSHASLIRFPESTLRPLGRTATGVKGITLREGDEVVGLDVAHANSVDEVLVVTE
FEEREFFERFRERRF B RN F AR R R SRR R SRR ERF R E AR R R ERERRE Rk E R R E R kR

NGYGKRTPVYNDYRLSNRGGKGIKTATITERNGNVVCITTVTGEEDLMIVTNAGVIIRLDY
NGYGKRTPVNDYRLSNRGGKGIKTATITERNGNVVCITTVTGEEDLMIVTNAGVIIRLDV
NGYGKRTPVNDYRLSNRGGKGIKTATITERNGNVVCITTVTGEEDLMIVTNAGVIIRLDY
NGYGKRTPVYNDYRLSNRGGKGIKTATITERNGNVVCITTVTGEEDLMIVTNAGVIIRLDY
NGYGKRTPVNDYRLSNRGGKGIKTATITERNGNVVCITTVTGEEDLMIVTNAGVIIRLDV

NGYGKRTPVNDYRLSNRGGKGIKTATITERNGNVWCITTVTGEEDLMIVTNAGVIIRLDY
e T Il T T T o

ADISQNGRAAQGVRLIRLGDDQFVSTVAKVKEDAEDETNEDEQSTSTVSEDGTEQQREAV
ADISQNGRAAQGVRLIRLGDDQFVSTVAKVKEDAEDETNEDEQSTSTVSEDGTEQQREAV
ADISQONGRAAQGVRLIRLGDDQFVSTVAKVKEDAEDETNEDEQSTSTVSEDGTEQQREAV
ADISQNGRAAQGVRLIRLGDDQFVSTVAKVKEDAEDETNEDEQSTSTVSEDGTEQQREAV
ADISQNGRAAQGVRLIRLGDDQFVSTVAKVKEDADEVN - --EDEQSTVSEDGTEQQREAV

ADISQNGRAAQGVRLIRLGDDQFVSTVAKVKEDADEEN- - -EDEQSTVSEDGTEQQREAY
e L LT L *. o EEEEREREEERREEE

VNDETPGNAIHTEVIESEETDDDGRIEVRQDFMDRVEEDIQQSLDEE-- 887
VNDETPGNATIHTEVIDSEENDEDGRIEVRQDFMDRVEEDIQQSLDEDEE 889
VNDETPGNAIHTEVIDSEENDEDGRIEVRQDFMDRVEEDIQQSSDEDEE 889
VNDETPGNAIHTEVIDSEENDEDGRIEVRQDFMDRVEEDIQQSSDEE-- 887
VNDETPGNAIHTEVIDSEENDEDGRIEVRQDFMDRVEEDIQQSSNEDEE 886
VNDETPGNAIHTEVIDSEVNDEDGRIEVRQDFMDRVEEDIQQSSDDDEE 886

ERkk kR B ko RERERE Rk R R R E . ..

668

728
728
728
728
728
728

788
788
788
788
788
788

848
848
848
848
837
837
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CLUSTAL 0(1.2.4) multiple sequence alignment

P5317
DNA_GyrB
CB52816
RN&398@
CI2s5
P516

PS317
DNA_GyrB
CBS2016
RN6390
CI25
PS16

PS317
DNA_GyrB
CBS2016
RN6390
C125
PS16

PS317
DNA_GyrB
CBS2016
RN6390
C125
PS16

PS317
DNA_GyrB
CBS2016
RN6390
C125
PS16

P5317

GyrB DNA Gyrase
subunit B

MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIGSTSERGLHHLVWEIVDNSIDEAL
MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIGSTSERGLHHLVWEIVDNSIDEAL
MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIGSTSERGLHHLVWEIVDNSIDEAL
MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIGSTSERGLHHLVWEIVDNSIDEAL
MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIGSTSERGLHHLVWEIVDNSIDEAL

MVTALSDVNNTDNYGAGQIQVLEGLEAVRKRPGMYIGSTSERGLHHLVWEIVDNSIDEAL
R R L R L L bk L e L LR e e R L L

AGYANQIEVVIEKDNWIKVTDNGRGIPVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKVS
AGYANQIEVVIEKDNWIKVTDNGRGIFVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKVS
AGYANQIEVVIEKDNWIKVTDNGRGIPVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKVS
AGYANQIEVVIEKDNWIKVTDNGRGIPVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKVS
AGYANKIEVVIEKDNWIKVTDNGRGIPVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKVS
AGYANKIEVVIEKDNWIKVTDNGRGIPVDIQEKMGRPAVEVILTVLHAGGKFGGGGYKVS

e T P L

GGLHGVGSSVVNALSQDLEVYVHRNETIYHQAYKKGVPQFDLKEVGTTDKTGTVIRFKAD
GGLHGVGSSVVNALSQDLEVYVHRNETIYHQAYKKGVPQFDLKEVGTTDKTGTVIRFKAD
GGLHGVGSSVVNALSQDLEVYVHRNETIYHQAYKKGVPQFDLKEVGTTDKTGTVIRFKAD
GGLHGVGSSVVNALSQDLEVYVHRNETIYHQAYKKGVPQFDLKEVGTTDKTGTVIRFKAD
GGLHGVGSSVVNALSQDLEVYVHRNET IYHQAYKKGVPQFDLKEVGTTDKTGTVIRFKAD

GGLHGVGSSVWNALSQDLEVYWVHRNET IYHQAYKKGVPQFDLKEVGTTDKTGTVIRFKAD
T g AL Lt R e L I I T T I

GEIFTETTVYNYETLQQRIRELAFLNKGIQITLRDERDEENVREDSYHYEGGIKSYVELL
GEIFTETTVYNYETLQQRIRELAFLNKGIQITLRDERDEENVREDSYHYEGGIKSYVELL
GEIFTETTVYNYETLQQRIRELAFLNKGIQITLRDERDEENVREDSYHYEGGIKSYVELL
GEIFTETTVYNYETLQQRIRELAFLNKGIQITLRDERDEENVREDSYHYEGGIKSYVELL
GEIFTETTVYNYETLQQRIRELAFLNKGIQITLRDERDEENVREDSYHYEGGIKSYVELL

GEIFTETTVYNYETLQQRIRELAFLNKGIQITLRDERDEENVREDSYHYEGGIKSYVELL
L b R T E Lo

NENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGFKRAL
NENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGFKRAL
NENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGFKRAL
NENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGFKRAL
NENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGFKRAL

NENKEPIHDEPIYIHQSKDDIEVEIAIQYNSGYATNLLTYANNIHTYEGGTHEDGFKRAL
R R L R L L bk L e L LR e e R L L

TRVLNSYGLSSKIMKEDKDRLSGEDTREGMTAIISIKHGDPQFEGQTKTKLGNSEVRQWVV

68
68
68
68
1]
68

128
128
128
128
128
128

188
13@
188
188
188
188

240
248
248
248
248
248

368
3ee
368
368
368
368

368
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DNA_GyrB
CBS2016
RN6396
C125
PS16

P5317
DNA_GyrB
CB520816
RNG6398
CI125
P516

P5317
DNA_GyrB
CBS52816
RN639@
CI125
P516

PS317
DNA_GyrB
CBS2016
RN639@
C125
PS16

PS317
DNA_GyrB
CBS2016
RN639@
C125
PS16

PS317
DNA_GyrB
CBS2016
RN639@
C125

TRVLNSYGLSSKIMKEEKDRLSGEDTREGMTAIISIKHGDPQFEGQTKTKLGNS EVRQWVY
TRVLNSYGLSSKIMKEEKDRLSGEDTREGMTAIISIKHGDPQFEGQTKTKLGNSEVRQWVY
TRVLNSYGLSSKIMKEEKDRLSGEDTREGMTAIISIKHGDPQFEGQTKTKLGNSEVRQWVY
TRVLNSYGLSSKIMKEEKDRLSGEDTREGMTAIISIKHGDPQFEGQTKTKLGNSEVRQWVY

TRVLNSYGLSSKIMKEEKDRLSGEDTREGMTAIISTIKHGDPQFEGQTKTKLGNSEVRQVVY
e R e L e L

DKLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLPGKLAD
DKLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLPGKLAD
DKLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLPGKLAD
DKLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLPGKLAD
DKLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLPGKLAD

DKLFSEHFERFLYENPQVARTVVEKGIMAARARVAAKKAREVTRRKSALDVASLPGKLAD
T At i I I I I T T e eI T T T T

CSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQAILPLRGKILNVEKARLDRILNNNEIRQ
CSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQAILPLRGKILNVEKARLDRILNNNEIRQ
CSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQAILPLRGKILNVEKARLDRILNNNEIRQ
CSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQAILPLRGKILNVEKARLDRILNNNEIRQ
CSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQAILPLRGKILNVEKARLDRILNNNEIRQ

CSSKSPEECEIFLVEGDSAGGSTKSGRDSRTQAILPLRGKILNVEKARLDRILNNNEIRQ
FERFEREERFF R R R R R AR R R KRR AR R R R R R A AR R AR R kR R R kAR R R R AR

MITAFGTGIGGDFDLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRPLIEAGYVYIA
MITAFGTGIGGDFDLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRPLIEAGYVYIA
MITAFGTGIGGDFDLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRPLIEAGYVYIA
MITAFGTGIGGDFDLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRPLIEAGYVYIA
MITAFGTGIGGDFDLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRPLIEAGYVYIA

MITAFGTGIGGDFDLAKARYHKIVIMTDADVDGAHIRTLLLTFFYRFMRPLIEAGYVYIA
FERFEREERFF R R R R R AR R R KRR AR R R R R R A AR R AR R kR R R kAR R R R AR

QPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSIARYKGLGEMNADQLWETTMNPEH
QPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSIARYKGLGEMNADQLWET TMNPEH
QPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSIARYKGLGEMNADQLWETTMNPEH
QPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSIARYKGLGEMNADQLWETTMNPEH
QPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSIARYKGLGEMNADQLWETTMNPEH

QPPLYKLTQGKQKYYVYNDRELDKLKSELNPTPKWSIARYKGLGEMNADQLWETTMNPEH
FERFEREERFF R R R R R AR R R KRR AR R R R R R A AR R AR R kR R R kAR R R R AR

RALLQVKLEDAIEADQTFEMLMGDVVENRRQFIEDNAVYANLDF 644
RALLQVKLEDATEADQTFEMLMGDVVENRRQF IEDNAVYANLDF 644
RALLQVKLEDAIEADQTFEMLMGDVVENRRQFIEDNAVYANLDF 644
RALLQVKLEDAIEADQTFEMLMGDVVENRRQFIEDNAVYANLDF 644
RALLQVKLEDAIEADQTFEMLMGDVVENRRQF IEDNAVYANLDF 644

368
368
368
368
368

420
420
420
420
420
420

480
480
480
480
480
480

548
548
548
548
548
548

688
6008
688
688
608
688
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PS16 RALLQVKLEDAIEADQTFEMLMGDVVENRRQF IEDNAVYANLDF 644
I I I e e T T T T T T LT T T P T T e T e
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CLUSTAL 0(1.2.4) multiple sequence alignment

PS317

CB52816

RNE&398@
Topoisomerase_ParC
CI25

PS169

P5317

CBS2816

RN&398
Topoisomerase_ParC
CI25

P5169

P5317

CBS2816

RN&398
Topoisomerase_ParC
CI25

P5169

P5317

CB52@16

RNG6398
Topoisomerase ParC
CI25

P5169

PS317

CB52816

RNE398
Topoisomerase_ParC
CI25

PS169

PS5317

ParC TopoisomeraselV

subunit A

MSEIIQDLSLEDVLGDRFGRYSKYIIQERALPDVRDGLKPVQRRILYAMYSSGNTHDKNF
MSEITQDLSLEDVLGDRFGRYSKYIIQERALPDVRDGLKPVQRRILYAMYSSGNTHDKNF
MSEITQDLSLEDVLGDRFGRYSKYIIQERALPDVRDGLKPVQRRILYAMYSSGNTHDKNF
MSEIIQDLSLEDVLGDRFGRYSKYIIQERALPDVRDGLKPVQRRILYAMYSSGNTHDKNF
MSEITQDLSLEDVLGDRFGRYSKYIIQERALPDVRDGLKPVQRRILYAMYSSGNTHDKNF

MSEIIQDLSLEDVLGDRFGRYSKYIIQERALPDVRDGLKPVQRRILYAMYSSGNTHDKNF
FEEFFRFEFFRRFRF R AR R R R R R R R E R R A S F R R AR R R R R R AR AR R R R R R R R ®

RKSAKTVGDVIGQYHPHGDSSVYEAMVRLSQDWKLRHVLIEMHGNNGS IDNDPPAAMRY T
RKSAKTVGDVIGQYHPHGDSSVYEAMVRLSQDWK L RHVLIEMHGNNGS IDNDPPAAMRY T
RKSAKTVGDVIGQYHPHGDSSVYEAMVRLSQDWKLRHVLIEMHGNNGS IDNDPPAAMRY T
RKSAKTVGDVIGQYHPHGDFSVYKAMVRLSQDWKLRHVLIEMHGNNGS IDNDPPAAMRY T
RKSAKTVGDVIGQYHPHGDSSVYEAMVRLSQDWKLRHVLIEMHGNNGS IDNDPPAAMRY T

RKSAKTVGDVIGQYHPHGDSSVYEAMVRLSQDWK L RHVLIEMHGNNGS IDNDPPAAMRY T
e L T

EAKLSLLAEELLRDINKETVSFISNYDDTTLEPMVLPSRFPNLLVNGSTGISAGYATDIP
EAKLSLLAEELLRDINKETVSFIPNYDDTTLEPMVLPSRFPNLLYNGSTGISAGYATDIP
EAKLSLLAEELLRDINKETVSFIPNYDDTTLEPMVLPSRFPNLLVNGSTGISAGYATDIP
EAKLSLLAEELLRDINKETVSFIPNYDDTTLEPMVLPSRFPNLLVNGSTGISAGYATDIP
EAKLSLLAEELLRDINKETVSFIPNYDDTTLEPMVLPSRFPNLLVYNGSTGISAGYATDIP

EAKLSLLAEELLRDINKETVSFIPNYDDTTLEPMVLPSRFPNLLVNGSTGISAGYATDIP
T T T

PHNLAEVIQATLKYIDNPDITVNQLMKYIKGPDFPTGGIIQGIDGIKKAYESGKGRIIVR
PHNLAEVIQATLKYIDNPDITVNQLMKYIKGPDFPTGGIIQGIDGIKKAYESGKGRIIVR
PHNLAEVIQATLKYIDNPDITVNQLMKYIKGPDFPTGGIIQGIDGIKKAYESGKGRIIVR
PHNLAEVIQATLKYIDNPDITVNQLMKYIKGPDFPTGGIIQGIDGIKKAYESGKGRIIVR
PHNLAEVIQATLKYIDNPDITVNQLMKYIKGPDFPTGGIIQGVDGIKKAYESGKGRIIVR
PHNLAEVIQATLKYIDNPDITVNQLMKYIKGPDFPTGGIIQGVDGIKKAYESGKGRIIVR

e e e P T

SKVEEETLRNGRKQLIITEIPYEVNKSSLVKRIDELRADKKVDGIVEVRDETDRTGLRIA
SKVEEETLRNGRKQLIITEIPYEVNKSSLVKRIDELRADKKVDGIVEVRDETDRTGLRIA
SKVEEETLRNGRKQLIITEIPYEVNKSSLVKRIDELRADKKVDGIVEVRDETDRTGLRIA
SKVEEETLRNGRKQLIITEIPYEVNKSSLVKRIDELRADKKVDGIVEVRDETDRTGLRIA
SKVEEETLRNGRKQLIITEIPYEVNKSSLVKRIDELRADKKVDGIVEVRDETDRTGLRIA

SKVEEETLRNGRKQLIITEIPYEVNKSSLVKRIDELRADKKVDGIVEVRDETDRTGLRIA
T T I T I T T T T T T TR TR

TELKKDVNSESIKNYLYKNSDLQISYNFNMVAISDGRPKLMGIRQIIDSYLNHQIEVVAN

668
68
668
668
68
668

128
128
128
128
128
128

18@
188
188
188
188
188

248
248
248
248
248
248

308
308
3Jee
308
308
3Jee

368
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CB52816

RN6398
Topoisomerase ParC
CI25

P5169

P5317

CBS526816

RNG6398
Topoisomerase ParC
CI25

P5169

P5317

CBS2616

RNG&398
Topoisomerase_ParC
CI25

P5169

P5317

CB52816

RN6398
Topoisomerase ParC
CI2S

P5169

P5317

CB526816

RN6398
Topoisomerase ParC
CI25

P5169

P5317

CB52616

RN&6398
Topoisomerase ParC
CI25

TELKKDVNSESIKNYLYKNSDLQISYNFNMVAISDGRPKLMGIRQIIDSYLNHQIEVVAN
TELKKDVNSESIKNYLYKNSDLQISYNFNMVAISDGRPKLMGIRQIIDSYLNHQIEVVAN
TELKKDVNSESIKNYLYKNSDLQISYNFNMVAISDGRPKLMGIRQIIDSYLNHQIEVVAN
TELKKDVNSESIKNYLYKNSDLQISYNFNMVAISDGRPKLMGIRQIIDSYLNHQIEVVAN

TELKKDVNSESIKNYLYKNSDLQISYNFNMVAISDGRPKLMGIRQIIDSYLNHQIEVVAN
FEEREERF R F R R R R R AR R F AR R R R AR FF R R R R AR F R AR R AR AR Rk R R R AR

RTKFELDNAEKRMHIVEGLIKALSILDKVIELIRSSKNKRDAKENLIEVYEFTEEQAEAT
RTKFELDNAEKRMHIVEGLIKALSILDKVIELIRSSKNKRDAKENLIEVYEFTEEQAEAT
RTKFELDMAEKRMHIVEGLIKALSILDKVIELIRSSKNKRDAKENLIEVYEFTEEQAEAT
RTKFELDNAEKRMHIVEGLIKALSILDKVIELIRSSKNKRDAKENLIEVFEFTEEQAEAT
RTKFELDNAEKRMHIVEGLIKALSILDKVIELIRSSKNKRDAKENLIEVFEFTEEQAEAT

RTKFELDNAEKRMHIVEGLIKALSILDKVIELIRSSKNKRDAKENLIEVFEFTEEQAEAT
e e E T e e T LT

VMLQLYRLTNTDIVALEGEHKELEALIKQLRHILDNHDALLNVIKEELNEIKKKFKSERL
VMLQLYRLTNTDIVALEGEHKELEALIKQLRHILDNHDALLNVIKEELNEIKKKFKSERL
VMLQLYRLTNTDIVALEGEHKELEALIKQLRHILDNHDALLNVIKEELNEIKKKFKSERL
VMLOQLYRLTNTDIVALEGEHKELEALTIKQLRHILDNHDALLNVIKEELNEIKKKFKSERL
VMLQLYRLTNTDIVALEGEHKELEALIKQLRHILDNHDALLNVIKEELNEIKKKFKSERL

VMLQLYRLTNTDIVALEGEHKELEALIKQLRHILDNHDALLNVIKEELNEIKKKFKSERL
I T e Y T T i T st it T I T T I 1 "

SLIEAETEEIKIDKEVMVPSEEVILSMTRHGYIKRTSIRSYNASGVEDIGLKDGDSLLKH
SLIEAETEEIKIDKEVMVPSEEVILSMTRHGYIKRTSIRSFNASGVEDIGLKDGDSLLKH
SLIEAETEEIKIDKEVMVPSEEVILSMTRHGYIKRTSIRSFNASGVEDIGLKDGDSLLKH
SLIEAEIEEIKIDKEVMVPSEEVILSMTRHGYIKRTSIRSFNASGVEDIGLKDGDSLLKH
SLIEAETEEIKIDKEVMVPSEEVILSMTRHGYIKRTSIRSFNASGVEDIGLKDGDSLLKH

SLIEAEIEEIKIDKEVMVPSEEVILSMTRHGYIKRTSIRSFNASGVEDIGLKDGDSLLKH
L e T e T L

QEVNTQDTVLVFTNKGRYLFIPVHKLADIRWKELGQHVSQIVPIEEDEVVINVFNEKDFN
QEVNTQDTVLVFTNKGRYLFIPVHKLADIRWKELGQHVSQIVPIEEDEVVINVFNEKDFN
QEVNTQDTVLVFTNKGRYLFIPVHKLADIRWKELGQHVSQIVPIEEDEVVINVFNEKDFN
QEVNTQDTVLVFTNKGRYLFIPVHKLADIRWKELGQHVSQIVPIEEDEVVINVFNEKDFN
QEVNTQDTVLVFTNKGRYLFIPVHKLADIRWKELGQHVSQIVPIEEDEVVINVFNEKDFN

QEVNTQDTVLVFTNKGRYLFIPVHKLADIRWKELGQHVSQIVPIEEDEVVINVFNEKDFN
L T T T

TDAFYVFATQNGMIKKSTVPLFKTTRFNKPLIATKVKENDDLISVMRFEKDQLITIITNK
TDAFYVFATQNGMIKKSTVPLFKTTRFNKPLIATKVKENDDLISVMRFEKDQLITIITNK
TDAFYVFATONGMIKKSTVPLFKTTRFNKPLIATKVKENDDLISVMRFEKDQLITVITNK
TDAFYVFATONGMIKKSTVPLFKTTRFNKPLIATKVKENDDLISVMRFEKDQLITVITNK
TDAFYVFATONGMIKKSTVPLFKTTRFNKPLIATKVKENDDLISAMRFEKDQLITVITNK

3608
3608
3608
3608
3608

4208
4208
428
428
428
428

488
488
4808
4808
4808
488

548
548
548
548
548
548

088
088
088
668
668
668

6608
6608
660
668
668
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P5169

P5317

CBS52016

RN6398
Topoisomerase ParC
CI25

P5169

P5317

CB52016

RN6398
Topoisomerase ParC
CI25

P5169

P5317

CBS20816

RN6398
Topoisomerase_ParC
CI25

P5169

TDAFYVFATONGMIKKSTVPLFKTTRFNKPLIATKVKENDDLISVMRFEKDQLITVITNK

e L

GMSLTYNTSELSDTGLRAAGVKSINLKAEDFVWMTEGVSENDTILMATQRGSLKRISFKI
GMSLTYNTSELSDTGLRAAGVKSINLKAEDFVWMTEGVSENDTILMATQRGSLKRISFKI
GMSLTYNTSELSDTGLRAAGVKSINLKAEDFVWMTEGVSENDTILMATQRGSLKRISFKI
GMSLTYNTSELSDTGLRAAGVKSINLKAEDFVVMTEGVSENDTILMATQRGSLKRISFKI
GMSLTYNTSELSDTGLRAAGVKSINLKAEDFVWMTEGVSENDTILMATQRGSLKRISFKI

GMSLTYNTSELSDTGLRAAGVKSINLKAEDFVWMTEGYSENDTILMATQRGSLKRISFKI
B T T I I T I T I T o

LOQVAKRAQRGITLLKELKKNPHRIVAAHVVTGEHSQYTLYSKSNEEHGLINDIHKSEQYT
LOQVAKRAQRGITLLKELKKNPHRIVAAHVVTGEHSQYTLYSKSNEEHGLINDIHKSEQYT
LOQVAKRAQRGITLLKELKKNPHRIVAAHVVTGEHSQYTLYSKSNEEHGLINDIHKSEQYT
LOQVAKRAQRGITLLKELKKNPHRIVAAHVVTGEHSQYTLYSKSNEEHGLINDIHKSEQYT
LOVAKRAQRGITLLKELKKNPHRIVAAHVVTGEHSQYTLYSKSNEEHGLINDIHKSEQYT

LQVAKRAQRGITLLKELKKNPHRIVAAHVVTGEHSQYTLYSKSNEEHGLINDIHKSEQYT
b T L Lt L At T Lt T T o e

NGSFIVDTDDFGEVIDMYIS 880
NGSFIVDTDDFGEVIDMYIS 880
NGSFIVDTDDFGEVIDMYIS 808
NGSFIVDTDDFGEVIDMYIS 860
NGSFIVDTDDFGEVIDMYIS 808

NGSFIVDTDDFGEVIDMYIS 808
FEEREREEEEEFERERREES

660

720
720
720
728
720
720

780
780
780
788
780
780
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CLUSTAL 0(1.2.4) multiple sequence alignment

P5169
Topoisomerase ParE
CI25

RNG6398

CBS2016

P5317

P5189
Topoisomerase ParE
CI25

RNE&398

CB52816

P5317

P5169
Topoisomerase ParE
CI25

RNE&398

CBS2016

PS317

PS169
Topoisomerase ParE
CI25

RN6398

CBS2@16

P5317

P5169
Topoisomerase ParE
CI25

RNE&398

CBS2016

P5317

P5169

ParE TopoisomeraselV

Subunit B

MNKQNNYSDDSIQVLEGLEAVRKRPGMY IGSTDKRGLHHLVYEIVDNSVDEVLNGYGNET
MNKQNNYSDDSIQVLEGLEAVRKRPGMYIGSTDKRGLHHLVYEIVDNSVDEVLNGYGNEL
MNKQNNYSDDSIQVLEGLEAVRKRPGMY IGSTDKRGLHHLVYEIVDNSVDEVLNGYGNET
MNKQNNYSDDSIQVLEGLEAVRKRPGMY IGSTDKRGLHHLVYEIVDNSVDEVLNGYGNET
MNKQNNYSDDSIQVLEGLEAVRKRPGMYIGSTDKRGLHHLVYEIVDNSVDEVLNGYGNETI

MNKQNNYSDDSIQVLEGLEAVRKRPGMY IGSTDKRGLHHLVYEIVDNSVDEVLNGYGNEI
O i T T I e T T T i I i e

DVTINKDGSISIEDNGRGMPTGIHKSGKPTVEVIFTVLHAGGKFGQGGYKTSGGLHGYGA
DVTINKDGSISIEDNGRGMPTGIHKSGKPTVEVIFTVLHAGGKFGQGGYKTSGGLHGVGA
DVTINKDGSISIEDNGRGMPTGIHKSGKPTVEVIFTVLHAGGKFGQGGYKTSGGLHGYGA
DVTINKDGSISIEDNGRGMPTGIHKSGKPTVEVIFTVLHAGGKFGQGGYKTSGGLHGYGA
DVTINKDGSISIEDNGRGMPTGIHKSGKPTVEVIFTVLHAGGKFGQGGYKTSGGLHGVGA

DVTINKDGSISIEDNGRGMPTGIHKSGKPTVEVIFTVLHAGGKFGQGGYKTSGGLHGYGA
FEkEER R R R R R R AR R F kR R R R AR R R Rk kR R Rk kR Rk R Rk kR Rk R R R A

SVVNALSEWLEVEIHRDGNIYHQSFKNGGSPSSGLVKKGKTKKTGTKVTFKPDDTIFKAS
SVVNALSEWLEVEIHRDGNIYHQSFKNGGSPSSGLVKKGKTKKTGTKVTFKPDDTIFKAS
SVVNALSEWLEVEIHRDGNIYHQSFKNGGSPSSGLVKKGKTKKTGTKVTFKPDDTIFKAS
SVVNALSEWLEVEIHRDGNIYHQSFKNGGSPSSGLVKKGKTKKTGTKVTFKPDDTIFKAS
SVVNALSEWLEVEIHRDGNIYHQSFKNGGSPSSGLVKKGKTKKTGTKVTFKPDDTIFKAS

SVVNALSEWLEVEIHRDGNIYHQSFKNGGSPSSGLVKKGKTKKTGTKVTFKPDDTIFKAS
EFEF AR E R E R F R FFF LR EEFEFF I IR AR E R IR IR FE AR R F AR Rk R

TSFNFDVLSERLQESAFLLKNLKITLNDLRSGKERQEHYHYEEGIKEFVSYVYNEGKEVLH
TSFNFDVLSERLQESAFLLKNLKITLNDLRSGKERQEHYHYEEGIKEFVSYVNEGKEVLH
TSFNFDVLSERLQESAFLLKNLKITLNDLRSGKERQEHYHYEEGIKEFVSYVNEGKEVLH
TSFNFDVLSERLQESAFLLKNLKITLNDLRSGKERQEHYHYEEGIKEFVSYVYNEGKEVLH
TSFNFDVLSERLQESAFLLKNLKITLNDLRSGKERQEHYHYEEGIKEFVSYVNEGKEVLH

TSFNFDVLSERLQESAFLLKNLKITLNDLRSGKERQEHYHYEEGIKEFVSYWNEGKEVLH
FEkEER R R R R R R AR R F kR R R R AR R R Rk kR R Rk kR Rk R Rk kR Rk R R R A

DVATFSGEANGIEVDVAFQYNDQYSESILSFVNNVRTKDGGTHEVGFKTAMTRVFNDYAR
DVATFSGEANGIEVDVAFQYNDQYSESILSFVNNVRTKDGGTHEVGFKTAMTRYFNDYAR
DVATFSGEANGIEVDVAFQYNDQYSESILSFVNNVRTKDGGTHEVGFKTAMTRVFNDYAR
DVATFSGEANGIEVDVAFQYNDQYSESILSFVNNVRTKDGGTHEVGFKTAMTRVFNDYAR
DVATFSGEANGIEVDVAFQYNDQYSESILSFVNNVRTKDGGTHEVGFKTAMTRVFNDYAR

DVATFSGEANGIEVDVAFQYNDQYSESILSFVYNNVRTKDGGTHEVGFKTAMTRVFNDYAR
EFEF AR E R E R F R FFF LR EEFEFF I IR AR E R IR IR FE AR R F AR Rk R

RINELKTKDKNLDGNDIREGLTAVVSVRIPEELLQFEGQTKSKLGTSEARSAVDSVVADK

68
68
68
68
68
68

128
1208
128
128
128
128

188
186
186
188
186
186

248
240
248
248
248
248

308
300
308
308
308
308

3668
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Topoisomerase ParE
CI2S

RNG6398

CB52816

P5317

PS169
Topoisomerase_ParE
CI25

RNG6398

CBS2816

PS317

P5169
Topoisomerase ParE
CI25

RNG6398

CBS2816

PS317

PS169
Topoisomerase ParE
CI2s

RN&6398

CB52816

P5317

P5169
Topoisomerase ParE
CI25

RN6398

CB52816

PS317

PS169
Topoisomerase_ParE
CI2S

RNG6398

CBs2016

RINELKTKDKNLDGNDIREGLTAVVSVRIPEELLQFEGQTKSKLGTSEARSAVDSVVADK
RINELKTKDKNLDGNDIREGLTAVVSVRIPEELLQFEGQTKSKLGTSEARSAVDSVVADK
RINELKTKDKNLDGNDIREGLTAVVSVRIPEELLQFEGQTKSKLGTSEARSAVDSVVADK
RINELKTKDKNLDGNDIREGLTAVVSVRIPEELLQFEGQTKSKLGTSEARSAVDSVVADK

RINELKTKDKNLDGNDIREGLTAVVSVRIPEELLQFEGQTKSKLGTSEARSAVDSVVADK
R b L e T E T

LPFYLEEKGQLSKSLVKKATIKAQQAREAARKAREDARSGKKNKRKDTLLSGKLTPAQSKN
LPFYLEEKGQLSKSLVKKATKAQQAREAARKAREDARSGKKNKRKDTLLSGKLTPAQSKN
LPFYLEEKGQLSKSLVKKATKAQQAREAARKAREDARSGKKNKRKDTLLSGKLTPAQSKN
LPFYLEEKGQLSKSLVKKATIKAQQAREAARKAREDARSGKKNKRKDTLLSGKLTPAQSKN
LPFYLEEKGQLSKS LVKKATKAQQAREAARKAREDARSGKKNKRKDTLLSGKLTPAQSKN

LPFYLEEKGQLSKSLVKKATKAQQAREAARKAREDARSGKKNKRKDTLLSGKLTPAQSKN
e L I T TITTITTTTTTTTTTTTTTTTTITTITITITTTTTTI T

TEKNELYLVEGDSAGGSAKLGRDRKFQAILPLRGKVINTEKARLEDIFKNEEINTIIYTI
TEKNELYLVEGDSAGGSAKLGRDRKFQAILPLRGKVINTEKARLEDIFKNEEINTIIHTI
TEKNELYLVEGDSAGGSAKLGRDRKFQAILPLRGKVINTEKARLEDIFKNEEINTIIHTI
TEKNELYLVEGDSAGGSAKLGRDRKFQAILPLRGKVINTEKARLEDIFKNEEINTIIHTI
TDKNELYLVEGDSAGGSAKLGRDRKFQAILPLRGKVINTEKARLEDIFKNEEINTIIHTI
TDKNELYLVEGDSAGGSAKLGRDRKFQAILPLRGKVINTEKARLEDIFKNEEINTIIHTI

R T L T

GAGYVGTDFKIEDSNYNRVIIMTDADTDGAHIQVLLLTFFFKYMKPLVQAGRVFIALPPLY
GAGVGTDFKIEDSNYNRVIIMTDADTDGAHIQVLLLTFFFKYMKPLVQAGRVFIALPPLY
GAGVGTDFKIEDSNYNRVIIMTDADTDGAHIQVLLLTFFFKYMKPLVQAGRVFIALPPLY
GAGVGTDFKIEDSNYNRVIIMTDADTDGAHIQVLLLTFFFKYMKPLVQAGRVFIALPPLY
GAGVGTDFKIEDSNYNRVIIMTDADTDGAHIQVLLLTFFFKYMKPLVQAGRVFIALPPLY

GAGVGTDFKIEDSNYNRVIIMTDADTDGAHIQVLLLTFFFKYMKPLVQAGRVFIALPPLY
T L it il T i Tl T T T T T T e S

KLEKGKGKTKRVEYAWTDEELNKLQKELGKGFTLQRYKGLGEMNPEQLWETTMNPETRTL
KLEKGKGKTKRVEYAWTDEELNKLQKELGKGFTLQRYKGLGEMNFEQLWETTMNPETRTL
KLEKGKGKTKRVEYAWTDEELNKLQKELGKGFTLQRYKGLGEMNPEQLWETTMNPETRTL
KLEKGKGKTKRVEYAWTDEELNKLQKELGKGFTLQRYKGLGEMNPEQLWETTMNPETRTL
KLEKGKGKTKRVEYAWTDEELNKLQKELGKGFTLQRYKGLGEMNPEQLWETTMNPETRTL

KLEKGKGKTKRVEYAWTDEELNKLQKELGKGFTLQRYKGLGEMNPEQLWETTMNPETRTL
b L e L e L e L s

IRVQVEDEVRSSKRVTTLMGDKVQPRREWIEKHVEFGMQEDQSILDNSEVQVLENDQFDE
IRVQVEDEVRSSKRVTTLMGDKVQPRREWIEKHVEFGMQEDQSILDNSEVQVLENDQFDE
IRVQVEDEVRSSKRVTTLMGDKVQPRREWIEKHVEFGMQEDQSILDNSEVQVLENDQFDE
IRVQVEDEVRSSKRVTTLMGDKVQPRREWIEKHVEFGMQEDQSILDNSEVQVLENDQFDE
IRVQVEDEVRSSKRVTTLMGDKVQPRREWIEKHVEFGMQEDQSILDNSEVQYLENDQFDE

368
368
368
368
368

428
428
428
428
428
428

4886
488
488
488
488
488

5408
548
548
548
548
548

608
608
608
608
608
608

668
668
668
668
6608
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P5317 IRVQVEDEVRSSKRVTTLMGDKVQPRREWIEKHVEFGMQEDQSILDNSEVQVLENDQFDE 668
R R R R R R L R L L L L R L L R L L R R R L L L R R L L P L E R LR L L.

P5169 EEI 663
Topoisomerase_ParE EEI 663
CI25 EEI 663
RNG6398 EEI 663
CBS2616 EEI 663
P5317 EEI 663

FEE

Figure 5A — Alignment of GyrA, GyrB, ParC and ParE proteins for TRS and S. aureus
RN6390. Consensus sequences are highlighted in green and amino acid changes are
highlighted in orange

139



Appendix A6 — Supplementary information for Chapter 2 and 3
Table 1A — List of primer (5" — 3’) used in the experiments listed in this chapter.

Primer

Sequence*

RT-qPCR

16S RNA (forward) AAG TCG ATG GGC AAG ATG ATAC
16S RNA (reverse) TCC TTC GTG AAG CTC CAT TTC

norA (forward)
norA (reverse)
norB (forward)
norB (reverse)
norC (forward)
norC (reverse)

GAC CAGGGATTG GTG GATTTAT
GGAAACCACTTGTCG TAGACTT
GAATTAGGT GTAACCTCACTTCTTT
GTT GCA CCT GTG TAA GCT TAT

TGG CAG TGG TAT CTG TTC AC

GGC GTC CCT TTG ATG AGT AA

CRISPR-Cas9
pCasSA (forward) GGGAAACGCCTGGTATCTTTA
pCasSA (reverse) CATGTGATATGTCCTCCTCTCTTC
HR1 (forward) tttgagatctgtccatacccatggTCTAGATCGCAATGACAGTTGAAAATGT
HR1 (reverse) AGGGAGGCAAATAGAGATGGATGTGCCTAAACAAAACGACACT
AGTGTCGTTTTGTTTAGGCACATCCATCTCTATTTGCCTCCCT

(

HR2 (forward)
HR2 (reverse)
norB_spacer-F1
norB_spacer-R1
norB_spacer-F2
norB_spacer-R2
norB_WitSeqg-F
norB_MtSeq-F
norB_MtSeg-R

aagatacaggtatatttttctgaCTCGAGTGGTTTGGCGCAATTATACAAC
GAAAGTACTAATTATGATTCGTGT
AAACGAAATATTCTATGTCATTTG
GAAACAACGCTTTTAGGTTGGCGT
AAACACACGAATCATAATTAGTAC
CCTGCTCCTACTACAAACATTCC
CGATTCAATACAATTTCGCAATCTATCC
GCAGCATAAGGTAAGATAACTAGCA

Overexpression

norB_promoter

GCGCGGATCCGCATTGAGAATAAATGGATGGACTAC

(forward)

norB_promoter GCGCGAATTCTCATAATTGAGTGTCGTTTTGTTTA
(reverse)

pSK_backbone GGTTACAATAGCGACGGAGAG
(forward)

pSK_backbone TTCTAATGTCACTAACCTGCC
(reverse)

norB_confirmation CAAACACTCGGATGCAAGAAAC
(forward)

norB_ confirmationGGTGTGAAATACCGCACAGA
(reverse)

Allelic exchange - norB mutant
norB-A(Kpnl) ATGCGGTACCATTCGCAAAATTAACAAAAT
norB-B CATCTCTATTTGCCTCCCTATACTTTTGA
norB-C GGCAAATAGAGATGTAATTGAGAATTAAATTGAAATCATACAAGTCGC

norB-D (Sacl)

CTCGAGCTCGATTCTCAGTCTGTTCATTATTAC

140



Appendix A7 — Supplementary information for Chapter 2 and 3

Table 2A — List of plasmids used in this thesis.

Plasmid

Characteristics

Size (bp) Reference

CRISPR-Cas9

pCasSA

E. coli/ S. aureus plasmid

Bacterial Resistance(s) — Kanamycin and
Chloramphenicol

Growth Temperature — 30 °C (temperature
sensitive)

Copy number — High Copy

10240

[205]

Overexpression

pSK5632

Shuttle plasmid

Bacterial Resistance(s) - Ampicilin and
Chloramphenicol

Growth Temperature — 37 °C

Copy number — Low Copy

5920

[237]

Allelic exchange

pIMAY

E. coli | Staphylococcal spp. temperature-

sensitive plasmid for allelic exchange

Bacterial Resistance — Chloramphenicol
Growth Temperature — 37 °C
Copy number — Low Copy

5743

[202]
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Appendix A8 — Supplementary information for Chapter 3
Table 3A — List of virulence genes and associated virulence factor detected in S. aureus

(four TRS and one laboratory strain) using VFDB-VFanalyzer9 data base (v - gene
present, x - gene absent).
S. aureus S. aureus S. aureus S. aureus

Gene CBS CI/BAC/ PS/BAC/ PS/BAC/ Sé;‘ég‘;‘(’)s
2016-05 25M13/W 169/17/W 317/16/W
Adherence
atl v v v v vz
clfA v v v v v
clfB v v v v v
cna v v v v x
eap/map v v v v %
ebps v v v v v
fnbA v v v v v
fnbB x v $ 4 v v
sdrC v v v v v
sdrD X X X v v
sdrE X x X x %
sdrF x x x x x
sdrG X X X v %
sdrH v v v v v
Secretion system
esxA x v v v v
esaA X v v v v
essA x v v v v
esaB x v v v v
essB X v v v v
essC v v v v v
esxC v X % % v
esxB v X % % v
esaE v x x x v
esxD v X x % v
esaD x x X % v
esaG v v v v v
Biofilm

icaR v v v v vz
icaA v v v v v
icaD v v v v v
icaB v v v v v
icaC v v v v v
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Table 3A — List of virulence genes and associated virulence factor detected in S. aureus
(cont.)

S. aureus S. aureus S. aureus S. aureus S. aureus
Gene CBS CIIBAC/ PS/BAC/ PS/BAC/ N300
2016-05 25/13/W 169/17/W 317/16/W
Exotoxins

hly/hla v v v v v
hib x x x x %
hid v v v v v
higA v v v v v
higC v v v v v
higB v v v v v
lukD X v X v v
lukE X v X v v
lukH v v v v v
lukG v v v v x
sea x v x X x
seb x v x X x
seg v x v x x
seh v x x X x
sei v x v x x
sem v x v x x
sen v x v x x
seo v x v x x
selp x v X x x
ses v x x X x
seu v x v x x
selw v v v v X
selx v v x x x
sely v X X x X
selz x x x x x
se(exo) v X x X X
spa v v v v v
ssl1 v v v v v
ssl2 x v v v v
ssi3 x v v v v
ssl4 v v v v v
sslI5 v v v v v
ssl6 X X X X v
ssl7 v v v v v
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Table 3A — List of virulence genes and associated virulence factor detected in S. aureus
(cont.)

S. aureus S. aureus S. aureus S. aureus S. aureus
Gene CBS CI/BAC/ PS/BAC/ PS/BAC/ RN6390
2016-05 25113/W 169/17/W 317/16/W
ssl8 v v x x v
ss/9 v v v v v
ssl10 v v v v v
ssl11 v v v v v
ssl12 v v v v v
ssl13 v v v v v
ssl14 v v v v v
tsst-1 X X X X X
Enzymes
hysA v v v v v
lip v v v v v
geh v v v v v
SplA X v X v v
splB X v X v v
splC x v v v v
splD X v X v v
SplE X v v v v
splF X v v v v
sspB v v v v v
sspC v v v v v
coa v v v v v
sak v v x x v
nuc v v v v v
SSPA v v v v v
Immune modulation

adsA v v v v v
capsular v v v v 4
ebh v v v v v
chp v X v v X
efb v v v v v
sbi v v v v v
sch v v v v X
crtl v v v v v
crtQ v v v v v
crtP v v v v v
crtM v v v v v
crtN v v v v v
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Appendix A9 — Supplementary information for Chapter 3
Table 4A — List regulatory systems and two component systems (TCS) involved in

virulence (v'- gene present, x

- gene absent).

S. S. S. S. S
Requsersysom  Genos 030" U S, MR, aueus
2016-05  25/13/W  169/17/W  317/16/W
agrA v v v v v
Cell-to-cell agrB v v v v v
communication
(quorum sensing) agrC v v v v Y
agrD v v v v v
Induction of exo- saeR v v d d Y
protein production saeS v v v v v
Oxygen-responsive SITA v v v v 4
TCS; repression
of agr, TSST-1, srrB v v v v v
and spa
Autolysis and cell arlR v v v v v
surface TCS and
repression of agr and arlS v v v v 4
autolysis
Cytoplasmic
regulator; in_duction of sarA v v v v v
exo-proteins and
repression of spa
Cytoplasmic regulator
of toxins and rot v v v v v
extracellular
proteases
Cytoplasmic
regulator; induction of ~ mgrA v v v v v
efflux pumps
RNAP (RNA
polymerase sigB v v v v v
holoenzyme)
Virulence kapD d Y Y Y Y
transcription factor kdpE v v v v v
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Appendix A10 — Supplementary information for Chapter 3

Table 5A — List of possible housekeeping genes and their differential gene expression
(RNA-seq data, PCs vs TSB).

Proteins

Genes

CBS
2016-05

PS/BAC/
317/16/W

CI/IBAC/
25/13/W

PS/BAC/
169/17/W

Pathways

Multidrug H+
antiporter, MFS
transporter
Quinolone
resistance
protein; Integral
membrane efflux
protein;
Transmembrane
efflux
Quinolone
resistance
protein; Integral
membrane efflux
protein;
Transmembrane
efflux
Drug resistance
transporter;
Drug: H+
antiporter-2
family; Multidrug
efflux
transporter
Drug resistance
transporter;
Putative
transport protein,
Drug: H+
SAV1866 family
putative
multidrug efflux
ABC transporter
ATP-binding
protein
Peptide-
methionine (S)-
S-oxide
reductase
ABC-F type
ribosomal
protection
protein
Multidrug efflux
transporter
SepA

norA

norB

norC

mdeA

ImrS

msbA

bmrA

msrA

yheS

SepA

-0.55

1.97

nde

nde

-1.24

0.63

-2.29

nde

nde

-0.87

-1.26

2.83

nde

-1.29

0.4

-0.46

-1.02

nde

-0.89

nde

4.71

nde

0.37

-0.77

-1.42

-0.88

0.4

0.51

-8.47

-1.22

1.23

nde

-1.46

-0.62

nde

-3.17

-1.62

nde

nde

Efflux Pump
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Proteins

Genes

CBS
2016-05

PS/BAC/
317/16/W

CI/BAC/
25/13/W

PS/BAC/
169/17/W

Pathways

Methicillin
resistance
regulatory
protein; Beta-
lactamase
regulator protein
Glycosyltransfera
se; Penicillin-
binding  protein
2A

D-alanyl-D-
alanine
carboxypeptidas
e; Penicillin
binding  protein
PBP4

DNA
Topoisomerase
IV subunit A
DNA
Topoisomerase
IV subunit B
DNA gyrase
subunit A

DNA gyrase
subunit B|
DNA-dependent
RNA polymerase
auxiliary subunit
epsilon family
protein

16S rRNA
(adenine(1518)-
N(6)/adenine(15
19)-N(6))-
dimethyltransfera
se RsmA

23S rRNA
(pseudouridine(1
915)-N(3))-
methyltransferas
e RimH
Isochorismatase;
Cysteine
hydrolase;
Nicotinamidase;
Pyrazinamidase

mecl

mgt

dacA

parC

parE

gyrA

gyrB

rpoY

rsmA

rimH

rutB

-1.64

1.32

-1.12

-1.59

-0.93

nde

0.73

0.98

-0.94

0.57

-0.37

nde

nde

1.85

nde

nde

nde

nde

1.27

nde

nde

0.5

nde

2.9

-1.08

nde

nde

0.8

0.69

nde

0.98

nde

nde

0.7

nde

1.1

nde

nde

nde

-0.62

nde

-1.53

1.7

Enzymes

accessory gene
regulator AgrB
cyclic lactone
autoinducer
peptide

agrB

agrD

-1.99

-1.8

nde

nde

Agr quoru

m

sensing/

surface
proteins
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Proteins Genes CBS PS/BAC/ CI/BAC/ PS/BAC/ Pathways
2016-05 317/16/W 25113/W 169/17/W
GHKL domain-
containing agrC -2 -1.8 -3.6 nde
protein
response
regulator agrA 211 16 35 0.1
transcription
factor
bi-component
i higB -3.21 -2.44 0.42 0.43
emolysin
HIgAB/HIgCB
bi-component
gamma-
hemolysin HigCB hlgC -2.82 -2.5 -7.77 0.43
subunit C
bi-component
gamma-
hemolysin HIgAB higA -2.92 -5.26 -8.92 0.43
subunit A
delta-hemolysin hid -7.55 -2.19 -2.8 1.1
alpha-hemolysin hyl 1.22 -1.68 nde nde
phenol-soluble PSM-
modulin PSM- alpha- -11.93 -7.95 -6.06 -2.00
alpha-1 1
phenol-soluble PSM-
modulin PSM- alpha- -11.48 nde -5.83 nde
alpha-2 2
phenol-soluble PSM-
modulin PSM- alpha- -9.91 -9.08 -8.09 nde
alpha-3 3
phenol-soluble PSM-
modulin PSM- alpha- -4.63 nde -5.54 nde
alpha-4 4
beta-class
phenol-soluble P -8.71 -7.87 -5.01 -1.18
. beta1
modulin-1
beta-class
phenol-soluble é) sm -8.06 nde -4.43 nde
. eta2
modulin-2
Glu-specific
serine SSPA -5.13 2 -0.88 2.35
endopeptidase
cysteine
protease sspB -4.09 nde -0.92 1.74
staphopain B
staphostatin B sspC -4.09 nde -0.94 1.61
cellwall- - o oF 17 nde 3.22 0.57
anchored protein
LPXTG cell wall
anchor domain- oy 2.82 -3.87 2.87 0.23
containing
protein
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Proteins Genes CBS PS/BAC/ CI/BAC/ PS/BAC/ Pathways
2016-05 317/16/W 25/13/W 169/17/W
serine-rich
repeat sasA 1.96 nde 0.82 113
glycoprotein
adhesin SasA
fibrinogen-
binding adhesin sarG nde 1.34 nde nde
SdrG C-terminal
autolysin/adhesin  aaa -2.45 2.79 1.04 0.34
MSCRAMM
family adhesin cIfA 1.55 -1.39 0.15 -0.56
clumping factor
MSCRAMM
family adhesin clfB 2.24 2.58 2.1 -0.12
clumping factor
staphylococcal spa 58 152 -1.00 263 Immune
protein A ’ ’ ' ' evasion
myeloperoxisase  spn -5.94 3.22 10.18 -0.86
Pl sen -3.04 2.43 331 0.03
extracellular
adherence eap -3.57 nde -5.99 0.72
protein Eap/Map
MAP domain-
containing map -2.8 nde -0.30 0.58
protein
staphylocoagulas -3.89 nde -0.50 0.48 Other
e virulence
von Willebrand factors
factor binding vwb 1.41 nde 1.46 -0.07
protein Vwb
YSIRK domain-
containing lip1 -2.24 534 -2.41 4.42
triacylglycerol
lipase
YSIRK domain-
containing — lip2/ge 2.28 122 -0.62 5.47
triacylglycerol h
lipase
phosphatidylinosi
tol-specific plc nde 2.61 413 476
phospholipase C
crtM 2.25 -1.20 -0.48 -0.81
crtN 1.90 nde -0.87 -0.82
Staphyloxanthin ~ crtO nde -3.05 0.11 -1.12
crtP 2.08 -2.38 nde nde
crtQ 2.51 -2.00 -0.49 nde
type 8 capsular Capsule
polysaccharide  cap8P 2.46 1.55 0.67 0.98 Biosynthesis

synthesis protein
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Proteins

Genes

CBS
2016-05

PS/BAC/
317/16/W

CI/BAC/
25/13/W

PS/BAC/
169/17/W

Pathways

type 8 capsular
polysaccharide
synthesis protein
capsular
polysaccharide
type 5/8
biosynthesis
epimerase
type 8 capsular
polysaccharide
synthesis protein
type 8 capsular
polysaccharide
synthesis protein
capsular
biosynthesis
protein
O-antigen ligase
family protein
glycosyltransfera
se
antibiotic
acetyltransferase
type 8 capsular
polysaccharide
synthesis protein
type 8 capsular
polysaccharide
synthesis protein
type 8 capsular
polysaccharide
synthesis protein
type 8 capsular
polysaccharide
synthesis protein
type 8 capsular
polysaccharide
synthesis protein
type 8 capsular
polysaccharide
synthesis protein
capsular
polysaccharide
type 5/8
biosynthesis

cap80

capN

cap8M

cap8L

cap8K

cap8J
cap8l

cap8H

cap8G

cap8F

cap8E

cap8D

cap8C

cap8B

capA

4.11

4.35

4.52

4.7

4.89

4.74

4.94

5.22

54

5.5

5.43

5.56

5.83

5.93

5.89

1.5

1.8

nde

1.84

2.04

2.08

2.03

2.13

1.81

1.64

1.5

1.23

nde

nde

nde

0.31

0.61

0.90

0.81

0.75

0.82

0.98

0.87

0.92

1.02

1.06

1.35

0.99

1.00

0.95

0.93

0.99

1.05

1.15

1.19

1.25

1.22

0.65

0.60

response
regulator
transcription
factor

sensor histidine
kinase KdpD
potassium-
transporting

kdpE

kdpD

kdpA

2.24

2.57

4.97

1.86

2.01

2.62

2.83

3.25

4.52

2.68

2.95

5.17

Potassium
transport
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Proteins

Genes

CBS
2016-05

PS/BAC/
317/16/W

CI/BAC/
25/13/W

PS/BAC/
169/17/W

Pathways

ATPase subunit
A
potassium-
transporting
ATPase subunit
KdpB
K(+)-transporting
ATPase subunit
C
K(+)-transporting
ATPase subunit
C
K(+)-transporting
ATPase subunit
B
potassium-
transporting
ATPase subunit
A
sensor histidine
kinase KdpD
response
regulator
transcription
factor

kdpB

kdpC

kdpC

kdpB

kdpA

kdpD

kdpE

3.77

3.82

7.06

6.79

6.55

2.99

2.71

1.38

1.21

nde

nde

nde

nde

nde

nde

3.22

nde

nde

nde

nde

nde

4.39

4.10

nde

nde

nde

nde

nde

pyruvate formate
lyase-activating
protein
formate C-
acetyltransferase
acetolactate
synthase AlsS
acetolactate
decarboxylase
anaerobic
ribonucleoside-
triphosphate
reductase
anaerobic
ribonucleoside-
triphosphate
reductase
activating protein
class 1b
ribonucleoside-
diphosphate
reductase
subunit beta
class 1b
ribonucleoside-
diphosphate
reductase
subunit alpha

pfIA

pfiB
alsS

budA

nrdD

nrdG

nrdF

nrdE

6.59

4.44

6.89

6.76

3.12

5.05

nde

nde

1.95

5.73

5.79

1.09

2.65

2.48

2.38

7.26

6.21

5.01

5.24

1.72

4.04

0.63

0.76

5.81

4.84

5.79

6.21

2.45

3.46

1.02

1.04

Anaerobic/
aerobic
metabolism
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Proteins

Genes

CBS
2016-05

PS/BAC/
317/16/W

CI/BAC/
25/13/W

PS/BAC/
169/17/W

Pathways

class Ib
ribonucleoside-
diphosphate
reductase
assembly
flavoprotein Nrdl

nrdl

nde

2.32

1.03

1.44

threonine
ammonia-lyase
lIvA
3-
isopropylmalate
dehydratase
small subunit
3-
isopropylmalate
dehydratase
large subunit
3-
isopropylmalate
dehydrogenase
2-
isopropylmalate
synthase
ketol-acid
reductoisomeras
e
ACT domain-
containing
protein
biosynthetic-type
acetolactate
synthase large
subunit
dihydroxy-acid
dehydratase
branched-chain
amino acid
transport system
Il carrier protein
betaine-aldehyde
dehydrogenase
choline
dehydrogenase
superoxide
dismutase

ilvA

leuD

leuC

leuB

leuA

ilvC

ilvH

ilvB

ilvD

brnQ

betB
betA

sodA

-4.94

-5.14

-5.18

-5.38

-5.58

-5.74

-5.59

-6.57

-4.93

1.68

6.74

3.46

3.02

1.22

1.08

nde

nde

nde

nde

1.87

1.94

2.25

2.5

3.64

275

nde

-0.19

-0.47

-0.33

-0.32

-0.48

-0.16

nde

-0.19

-0.20

1.45

3.83

2.81

-0.82

0.46

0.48

0.38

0.45

0.37

0.47

nde

0.85

1.28

0.54

-0.77

-1.35

1.96

Amino Acid
metabolism

superantigen-like
protein SSL14
superantigen-like
protein SSL13
superantigen-like
protein SSL12
superantigen-like
protein SSL11

SSL14

SSL13

SSL12

SSL11

6.66

5.68

4.75

nde

nde

nde

nde

nde

3.00

2.65

1.72

-1.86

4.34

nde

nde

-0.54

Superantigens
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Proteins Genes CBS PS/BAC/ Cl/BAC/ PS/BAC/ Pathways
2016-05 317/16/W 25/13/W 169/17/W
superantigen-like )
protein SSL10 SSL10 1.41 nde 0.05 0.11
staphylococcal
enterotoxin type seh 23 nde nde nde
H

exotoxin 3.58 nde nde 0.60
oleate hydratase = ohyA 5.55 nde 3.55 2.46
cell wall integrity ~ /ytS 1 1.25 3.66 1.99 Regulators

IytR 1.15 1.85 5.17 242
membrane
charge graF 1.23 1.19 -0.32 -1.41
alternation
vraXSR (ce_ll wall vraX 3.17 -3.53 2.12 -1.17
synthesis) vraS 0.95 0.5 2.44 0.15
vraR 0.99 -0.95 2.43 -0.16
sarVRX (biofim  sarV 1.86 1.35 0.42 2.29
& virulence) sarR 1.81 1.14 0.12 1.16
sarX 1.49 1.92 -0.84 2.73
General stress sigB 1.1 0.7 -0.1 1.77
response SigA 1.02 0.65 0.14 0.54
sigS -0.71 0.65 1.77 0.66
sigH -0.8 1.66 0.78 0.5
perR 0.35 -0.21 0.32 0.28
perR/spx
(antioxidants; Spx 0.07 1.84 0.91 2.28
ROS)
ctsR
(chaperones & ctsR 1.21 -0.28 -0.03 -1.94
proteases)

Oxygen- SITA 1.4 nde 1.4 nde
responsive TCS ¢ 0.08 1.41 0.05 0.55
walRK (cell wall walR 1.03 0.91 0.93 0.35

integrity) walK 0.57 0.54 0.85 0.18
arlSR (general arlS 1.36 0.45 -0.06 0.24
acid response)  gyp 1.04 0.13 -0.32 -0.26

cadC (cadA) cadC -0.03 -0.03 1 -0.03

fur (acid) fur 0.22 -0.56 -0.55 0.34

codY (global

nutrient codY 0.28 0.02 0.97 -0.06

regulator)

CCcpA ) ) ) )
(carbohydrates) CCcpA 0.4 0.14 0.7 0.01
phoRP phoR -0.34 -1.37 -0.52 -2.19
(phosphates) — ,p5p -1.55 0.01 -1.03 -3.41
mntH &
zntR (Mn?* & mntH -2.36 -3.12 -1.67 -0.37
Zn?*)
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Proteins Genes CBS PS/BAC/ CI/BAC/ PS/BAC/ Pathways
2016-05 31716/W 25/13/W 169/17/W
zntR 3.08 1.08 3.37 -0.53
rot (amino acids) rot 1.05 -0.95 0.05 -0.65
IPiAR (pentose) rpiA 1.1 0.39 1 0.2
piR -0.31 -0.13 -2.29 -0.46
response
| reguiator saeR -3.15 1.44 -5.7 0.2
ranscription
factor
two-component
system sensor saeS -3.33 -1.31 -5.8 0.2

histidine kinase
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Appendix A11 — Supplementary information for Chapter 3

Table 6A — List of genes encoding for antibiotic resistance mechanism generated using
the CARD curated data (v'- gene present, x - gene absent).

Resistant Related S. aureus S. aureus S. aureus S. aureus S. aureus
Mechanisms enes CBS CI/BAC/ PS/BAC/ PS/BAC/ I'2N6390
9 2016-05 25/13/W 169/17/W 317/16/W

Efflux pumps

Major Facilitator Imrs v v v v v
Superfamily (MFS
perfamily MFS) — ore v v v v v
norA / \/ \/ / /
norB / \/ \/ / /
Multidrug and R v v v v v
toxic compound mep
extrusion (MATE) v v v v v
transporter mepA
ATP-binding mgrA v v v v v
cassette (ABC) 5311866 v v v v v
Small Multidrug v v v v v
Resistance (SMR) P
Resistance- farE . . v . g
Nodulation- femT v v v v v
Division (RND) secDF v v v v v
Enzymatic inactivation
ANT(9)- x x x X X
la
ANT(4’)- x x x X x
Aminoglycoside la
resistance ANT(6)- X X x X X
la
APH(3)- x x x x x
Illa
Fosfomycin fosB % v v v v
resistance
B-lactam v v
resistance blaz v
Macrolite x x x x x
resistance mph(C)
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Table 6A — List of genes encoding for antibiotic resistance mechanism generated using
the CARD curated data (Cont.).

Resistant S. aureus S. aureus S. aureus S. aureus S. aureus
Mechanisms Genes CBS CI/BAC/ PS/BAC/ PS/BAC/ |'2N6390
2016-05 25/13/W 169/17/W 317/16/W
Target modification
Methicillin mecA v v v v v
resistance mecR1 X X X X X
(PBP2) mec x x x x x
Trim_ethoprim dirG x % x x %
resistance
Macrolides
’ x x x x x
Lincosamides, & erm(A)
Strept.ogramlns erm(T) % x % % x
resistance
Quinolone gyrA v v v v v
resistance gyrB v v v v v
Fluoroquinolone
resistance parC v v v v Y
Fosfomycin murA v v v v v
resistance
glpT v v v v v
FUSi.diC Acid fusA ‘/ ‘/ ‘/ ‘/ /
resistance
Target protection
Erythromycin msrA v v v v v
resistance
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Appendix A12 — Supplementary information for Chapter 2 and 3

Table 7A — List of possible housekeeping genes and their differential gene expression
(RNA-seq data, PCs vs TSB, nde — not differentially expressed).

Housekeeping genes CBS CI/BAC/ PS/BAC/ PS/BAC/
Ping g 2016-05 25/13/W 169/17/W 317/16/W
gyrA -
(DNA gyrase A) nde 0.24 0.80 nde
gyrB - -
(DNA gyrase B) 0.73 0.10 0.69 0.62
arcC 4.77 3.71 4.91 0.38
(Carbamate kinase) ' ’ ' '
aroE
(Shikimate nde 0.81 0.15 nde
dehydrogenase)
fabD
(Malonyl-CoA-acyl -0.39 0.74 0.05 0.74
carrier protein
transacylase)
glpF i -
(Glycerol kinase) 0.30 0.54 0.48 0.98
gmk*
(Guanylate kinase) nde 0.73 0.04 1.35
pta
(Phosphate -0.77 -0.69 0.59 -0.20
acetyltransferase)
proC
(Pyrroline-5- nde 0.53 0.44 nde
carboxylate
reductase)
rpoB
(RNA polymerase nde 0.32 0.51 nde
subunit B)
tpi / tpiA
(Triosephosphate -0.80 -2.73 -0.94 -3.12
isomerase)
16S rRNA nde nde nde nde

(16S ribosomal RNA)
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